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ABSTRACT 
 
Due to their temperature dependency, stable noble gases (He, Ne, Ar, Kr, and Xe) have 
been routinely used as indicators of past climate in sedimentary systems for over four decades. 
However, noble gas studies in fractured systems, where infiltration is rapid, remain scarce. These 
include studies in ice sheets in old cratonic regions (e.g., Antarctica and Greenland), as well as 
old and recent volcanic areas such as the archipelagos of the Galapagos and Hawaii. Here, noble 
gas studies in fractured systems are presented. These include two studies in ice-covered regions, 
one in the Greenland Ice Sheet (GrIS) and the other in the Athabasca Glacier (AG) of the 
Columbia Icefield in the Canadian Rockies, as well as two studies in a tropical basaltic island, 
the Island of Maui, Hawaii. Noble gases in the GrIS (Chapter 2) and the AG (Chapter 3) studies 
are used to constrain glacial meltwater sources, water source altitude and water residence times. 
In Maui, noble gases are first used to characterize the different water sources contributing to 
groundwater recharge (e.g., fog, orographic and synoptic-scale rain), and to assess whether 
timing and location of recharge can be estimated based on atmospheric noble gas signatures 
(Chapter 4). In Chapter 5, the potential for noble gases to record temporal variations is assessed. 
Noble gases are used together with oxygen and hydrogen isotopic composition data to further 
constrain water source altitudes in Maui. 
Noble gases in the meltwater samples from both the GrIS and the AG are dominated by a 
partially equilibrated air-saturated water (ASW) component rather than trapped air in the glacial 
ice. Water source altitudes based on Xe range between 0.8 and 2.4 km for most samples from the 
GrIS and between 2.5 and 3.5 km for the AG. A crustal He component, observed in almost all 
samples in both studies, is used to estimate water residence times. Most meltwater samples from 
the GrIS yield water residence times between ~100 and ~400 years while two samples yield 
older ages of ~2000 and ~4000 years. In contrast, samples from the AG yield a younger average 
of ~160 years.
 xvi 
Water samples were collected in Maui from rain events, springs from perched aquifers, 
and wells tapping the basal aquifer in June 2014 and February 2016. All samples are in 
disequilibrium with the atmosphere at the collection point and do not represent the mean annual 
air temperature. Distinct noble gas signatures in spring and basal aquifer samples suggest that the 
two types of aquifers are separate entities. In June 2014, noble gases in rainwater and basal 
aquifer display an ice-like signature possibly related to synoptic-scale rain. The basal aquifer 
yields similar noble gas signatures in both sampling seasons, while temporal variations are 
observed in rainwater and spring samples. A few springs and wells yield samples with a 
significant mantle He component in both years. A combined dataset of noble gas and water 
stable isotopic composition yield source altitudes for rainwater samples between 0.1 and 3 km 
above sea level (asl). Water source altitudes for most groundwater samples range between 1.5 
and 5.5 km asl, indicating that the water source contributing to groundwater recharge that 
originate at higher altitudes in the atmosphere was not sampled. 
This dissertation has important scientific implications in the fields of glaciology, 
hydrogeology, and meteorology. 
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CHAPTER I 
Introduction 
  
This chapter introduces studies of stable noble gases in the past few decades and current 
research focuses, as well as the major problems that this dissertation investigates. 
Noble gases occupy the rightmost column in the periodic table. Their outer shells are 
filled with electrons, rendering them very chemically inert. Furthermore, the five lightest noble 
gases, He, Ne, Ar, Kr, and Xe, are not radioactive. Therefore, these stable noble gases are mostly 
sensitive to physical parameters and processes [Mazor, 1972], making them excellent tracers in 
geochemical processes [e.g., Ozima and Posodek, 2002; Burnard, 2013]. 
In the past four decades, studies of stable noble gases dissolved in groundwater have 
greatly enhanced our understanding of surface water and groundwater dynamics by providing 
indications on flow paths, connectivity between aquifers, and water residence times [e.g., 
Andrews, 1985; Ballentine et al., 1991; Mazor and Bosch, 1992; Castro et al., 1998a; 1998b; 
2000; de Marsily et al., 2002; Kipfer et al., 2002; Kulongoski et al., 2003; Patriarche et al., 2004; 
Ma et al., 2009; Müller et al., 2016; Pinti et al., 2017]. In addition, noble gas concentrations in 
the recharge areas of groundwater systems are typically considered to be mostly a function of 
temperature, pressure (altitude of recharge area), and excess air (EA). Consequently, noble gas 
temperatures (NGTs) are estimated in NGT models based on the atmospheric Ne, Ar, Kr, and Xe 
concentrations and assumptions including equilibration altitudes, and have been commonly used 
as paleothermometers [e.g., Andrews and Lee, 1979; Stute and Schlosser, 1993; Aeschbach-
Hertig et al., 2002; Castro and Goblet, 2003; Kulongoski et al., 2004; Ma et al., 2004; Castro et 
al., 2007; 2012]. In recent years, numerous studies have been dedicated to improving EA 
estimation and development of NGT models as well as improving our understanding of noble gas 
behavior in the unsaturated zone and at the air-water interface [e.g., Heaton and Vogel, 1981; 
Pinti and van Drom, 1998; Ballentine and Hall, 1999; Klump et al., 2007; 2008; Sun et al., 2010; 
Hall et al., 2012; Aeschbach-Hertig and Solomon, 2013].
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In contrast, far fewer studies have been conducted in fractured groundwater systems and, 
in particular, in volcanic and glacial environments, where the presence of preferential flow paths 
allows fast water flow from the surface to the bottom of the glaciers. Studies in volcanic settings 
include those in Lassen and Yellowstone National Parks [e.g., Mazor and Wasserburg, 1965; 
Kennedy et al., 1985, 1988; Gardner et al., 2010], the Cascades Volcanic Arc [James et al., 2000; 
Saar et al., 2005], the Réunion Island [Marty et al., 1993], Cabo Verde [Heilweil et al., 2009, 
2012], the Azores [Jean-Baptiste et al., 2009], Galápagos [Warrier et al., 2012], and the Canary 
[Marrero-Diaz et al., 2015] Islands. With the exception of Gardner et al. [2010], Heilweil et al. 
[2012], and Warrier et al. [2012], most studies did not take advantage of information provided by 
NGTs. Studies of nobles gases in glacial environments or seas fed by glacial meltwater include 
those in the Weddell Sea [Schlosser, 1986; Schlosser et al., 1990; Weppernig et al., 1996], firn 
layer in Greenland [Craig and Wiens, 1996], Lake Vostok, East Antarctica [Jean-Baptiste et al., 
2001], southeast Pacific [Hohmann et al., 2002], Lake Bonney, Taylor Valley, Antarctica 
[Poreda et al., 2004; Warrier et al., 2015; Hall et al., 2017], firn air at the South Pole and Siple 
Dome, Antarctica [Severinghaus and Battle, 2006], Lake Vida, McMurdo Dry Valleys, 
Antarctica [Malone et al., 2010], and a mixing model of glacial meltwater, sea water, and air 
bubbles [Loose and Jenkins, 2014]. These studies focused on seawater mixed with glacial 
meltwater, snow and firn, ice cores, and modeling. However, none of these studies focused on 
glacial meltwater, which is a significant end-member in the studies focusing on mixing between 
seawater and glacial meltwater. 
This dissertation focuses on developing new NGT applications in fractured, fast-
infiltration systems, in order to explore the information that stable noble gases can provide with 
respect to the local hydrological cycle. As climate changes intensify, areas in all latitudes are 
greatly affected. Continental ice sheets at high latitude, e.g., Greenland, are extremely sensitive 
to and are significant drivers of climate change due to the enormous water masses they store. 
Understanding climate shifts in the outlet glaciers of the Greenland Ice Sheet (GrIS) is even 
more critical as these areas may be particularly sensitive to global climate forcing 
[Intergovernmental Panel on Climate Change, 2013]. Alpine glaciers, e.g., those in the Tibetan 
Plateau and the Canadian Rocky Mountains, are extremely important water reservoirs providing 
freshwater throughout the world [Schindler and Donahue, 2006; Kehrwald et al., 2008; 
Immerzeel et al., 2010]. As snowpack and alpine glacier diminish, regions relying on melting 
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snowpacks and/or glaciers for their water supply are extremely vulnerable with respect to 
freshwater availability [Barnett et al., 2005; Schindler and Donahue, 2006]. In addition, natural 
hazards, such as landsides and rock avalanches, and loss of biodiversity are also concerns in 
alpine stream and river systems [Evans and Clague, 1994; Brown et al., 2007; Mark et al., 2010; 
Chevallier et al., 2011]. Furthermore, the concerns with respect to water supply do not occur 
only in regions supplied by melting glaciers. Basaltic islands, e.g., the Island of Maui, Hawaii, 
typically have complex internal structures and challenging access, are often poorly characterized 
with respect to groundwater resources and frequently suffer from freshwater scarcity. Maui has 
particularly extreme variations in both the amounts and the spatial distribution of rainfall, adding 
to the freshwater shortage problem in some of the most densely populated areas of the island. A 
previous study in the basaltic Galápagos Islands, suggested that NGTs have the potential to 
identify the location and timing of recharge in fractured flow systems [Warrier et al., 2012]. 
Subsequently, noble gases in rainwater samples collected in southeast Michigan were found to be 
in disequilibrium with the atmosphere at the collection point and noble gas concentration 
patterns were hypothesized to link to weather patterns [Warrier et al., 2013]. These studies point 
to the potential of using noble gases dissolved in groundwater in volcanic systems with fast 
infiltration rates to develop a new NGT application in terms of location and timing of 
groundwater recharge, as well as characterization of precipitation. In summary, this dissertation 
focuses on utilizing the complete set of stable noble gases in either glacial meltwater (in 
Greenland and the Athabasca Glacier) or rainwater and groundwater samples (in Maui) to better 
understand the local hydrological system in terms of glacier dynamics, water source altitude, 
water residence times and connectivity of aquifers.  
Chapter 2 presents the first comprehensive stable noble gas study in glacial meltwater. 
Vertical conduits, e.g., crevasses and moulins, from the surface of the glacier to the bottom form 
preferential flow paths for water melting at the surface when air temperature is above 0°C during 
a brief period in summer. Water samples were collected in five outlets glaciers of the GrIS from 
supraglacial lakes, at the terminus area (where subglacial meltwater is discharged), and in rivers 
downstream from the terminus area. Noble gas concentrations are far from equilibrium with the 
atmosphere at collection point. A few samples display a unique noble gas pattern of relative Ar 
enrichment or relative Ne depletion, which was previously observed in a few high altitude 
springs in the Galápagos Islands [Warrier et al., 2012] and rainwater samples in southeast 
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Michigan [Warrier et al., 2013]. This study explores the potential of utilizing atmospheric Ne, 
Ar, Kr, and Xe concentrations to estimate the source altitude of the glacial meltwater samples. A 
first-order estimate of water resident time is presented in this study by taking advantage of 4He, 
which is produced in the crust and accumulated in subglacial meltwater. 
Chapter 3 represents the first comprehensive stable noble gas study in an alpine glacier. 
This study of the Athabasca Glacier (AG) of the Columbia Icefield in the Canadian Rocky 
Mountains follows the same line of the study conducted in the GrIS, which is a continental 
glacier. Water samples are collected at the terminus area over a period of two months during the 
peak melting season. This study takes advantage of Xe concentrations to estimate the water 
source altitudes in an attempt to better understand the dynamics of this alpine glacier. A crustal 
He component is also observed in subglacial meltwater at AG and a first-order estimate of water 
resident time suggests that the AG meltwater is up to an order of magnitude younger than that 
from the GrIS. 
Chapter 4 represents the first comprehensive stable noble gas study in the Island of Maui,  
Hawaii. Maui is a basaltic island with preferential flow pathways because of the presence of 
dykes and fractures [e.g., Gingerich, 1999a; 1999b]. Warrier et al. [2012] suggested that noble 
gas concentrations in these fractured hydrologic systems do not represent the mean annual air 
temperature (MAAT) as observed in sedimentary basins. This study further explores the 
information noble gases can provide in rapid rainwater infiltration systems. It assesses whether 
NGTs can be applied to these systems to estimate the location of recharge and explores the 
relative contributions of different water sources. This study also discusses the usage of noble 
gases in investigating connectivity between aquifers.  
Chapter 5 represents a follow-up study to Chapter 4. This study focuses on exploring 
whether noble gases and water stable isotopes preserve temporal changes in the basal and 
perched aquifers. It assesses the potential of using a combined dataset of noble gases and stable 
isotopes to constrain the type of water sources and water source altitudes. Water residence times 
of the basal aquifer are estimated based on tritium measurements and estimated 3He 
concentrations resulting from tritium decay (tritiogenic 3He; 3Hetrit).  
A summary of the major results and conclusions of this dissertation and potential future 
research focuses are provided in Chapter 6. This dissertation has important societal relevance in 
regions with fractured, fast infiltration hydrologic systems. Results in chapters 2 and 3 can 
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contribute to a better understanding of the dynamics of both continental and alpine glaciers. 
Results in chapters 4 and 5 contribute to a better understanding of the hydrogeology of regions 
that suffer from freshwater scarcity due to uneven spatial and temporal distribution of 
precipitation and can lead to improved water resource management plans in these areas. This 
dissertation has important scientific implications in the fields of glaciology, hydrogeology, and 
meteorology. 
 
 6 
CHAPTER II 
Noble gas signatures in Greenland: Tracing glacial meltwater sources1 
 
Abstract 
This study represents the first comprehensive noble gas study in glacial meltwater from 
the Greenland Ice Sheet. It shows that most samples are in disequilibrium with surface collection 
conditions. A preliminary Ne and Xe analysis suggests that about half of the samples 
equilibrated at a temperature of ~0°C and altitudes between 1 km and 2 km, with a few samples 
pointing to lower equilibration altitudes and temperatures between 2°C and 5°C. Two samples 
suggest an origin as melted ice and complete lack of equilibration with surface conditions. A 
helium component analysis suggests that this glacial meltwater was isolated from the atmosphere 
prior to the 1950s, with most samples yielding residence times ≤ 420 years. Most samples 
represent a mixture between a dominant atmospheric component originating as precipitation and 
basal meltwater or groundwater, which has accumulated crustal 4He over time.  
 
 
 
 
 
 
 
 
 
_________________ 
1Citation: Niu, Y., Castro, M. C., Aciego, S. M., Hall, C. M., Stevenson, E. I., Arendt, C. A., and 
Das, S. B. (2015). Noble gas signatures in Greenland: Tracing glacial meltwater 
sources. Geophys. Res. Lett., 42, 9311–9318, doi:10.1002/2015GL065778.
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2.1 Introduction 
The study of noble gases (He, Ne, Ar, Kr, and Xe) dissolved in groundwater can enhance 
our understanding of surface and groundwater dynamics by providing us with an indication 
about flow paths, connectivity between aquifers, and water residence times [e.g., Andrews, 1985; 
Mazor and Bosch, 1992; Castro et al., 1998a, 1998b; Patriarche et al., 2004; Castro et al., 2007]. 
In addition, because noble gases are conservative tracers and their concentrations in the recharge 
areas of groundwater systems are typically considered to be simply a function of temperature (T), 
pressure (P) (altitude of recharge area), and excess air (EA), noble gas temperatures (NGTs) 
have commonly been regarded as a potentially robust indicator of past climate [Stute and 
Schlosser, 1993; Ballentine and Hall, 1999; Aeschbach-Hertig et al., 2002; Kipfer et al., 2002; 
Sun et al., 2010; Castro et al., 2012].  
Although noble gas studies have been carried out extensively in ice-free regions, studies 
of noble gases in glacial environments remain particularly scarce [e.g., Craig and Wiens, 1996; 
Severinghaus and Battle, 2006; Malone et al., 2010]. High-latitude regions such as Greenland are 
extremely sensitive to and are significant drivers of climate change due to the enormous water 
masses they store. Understanding climate shifts in the Greenland Ice Sheet (GrIS) margins is 
even more critical as these areas may be particularly sensitive to global climate forcing 
[Intergovernmental Panel on Climate Change, 2013]. The GrIS has been extensively studied to 
estimate its ice melting and acceleration rates [Rignot et al., 2011], as well as its contributions to 
sea level rise [Zwally et al., 2005; Shepherd and Wingham, 2007; Rignot et al., 2011]. However, 
many questions remain to be answered pertaining to the dynamics and seasonality of the GrIS 
[Das et al., 2008; Joughin et al., 2008], sources and composition of the meltwater, as well as 
temperature changes in GrIS and their driving mechanisms [Hanna and Cappelen, 2003; Chylek 
et al., 2006].  
Here, we present a pilot noble gas study of GrIS glacial meltwater. This study explores 
the information noble gases can provide in glacial environments with respect to glacial meltwater 
sources, relative source contributions, water residence times, and locations where this glacial 
meltwater originates within the ice sheet. Ultimately, we seek to improve our understanding of 
the dynamics of these massive ice sheets, critical for the major role they play in climate change. 
This is possible due to the conservative nature of noble gases and the temperature dependency of 
their concentrations in equilibrated air saturated water (ASW), allowing for calculation of NGTs 
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and, under certain assumptions, estimation of the altitude at which glacial meltwater originated. 
In addition, crustally produced isotopes such as 4He accumulate in water over time, allowing for 
a first-order estimation of water residence times.  
 
2.2 Geologic, Glaciologic, and Climatologic Background 
Greenland is located between the Arctic and Atlantic Oceans, northeast of Canada, and is 
covered by the GrIS. The Summit in central Greenland is 3231 m above sea level (asl); in 
southern Greenland, the highest elevation is 2873 m asl (Figure 2.1) [Bamber, 2001]. The 
geology of the current ice-free margin has been extensively studied [e.g., Baadsgaard, 1973; 
Friend and Nutman, 2005; Hollis et al., 2006; Dawes, 2009]. Most of the bedrock is Precambrian 
shield and is mainly composed of granitic gneiss and granitoids [Dawes, 2009].  
Mean annual air temperatures range from – 5°C to 2°C at our sampling locations (Figure 
2.1). Average summer (June, July, and August) and winter (December, January, and February) 
temperatures observed within sea level to 100 m asl range from 5°C to 10°C and from – 18°C to 
– 4°C, respectively [Vinther et al., 2006; Hanna et al., 2012] (Danmarks Meteorologiske Institut, 
http://www.dmi.dk/groenland/arkiver/vejrarkiv/, 2014). Summer temperatures allow for surface 
melting to occur during a brief period.  
 
2.3 Sampling and Analytical Methods  
Thirteen samples for noble gas analyses were collected at five locations at or near the 
coast of central and southern Greenland (Figure 2.1; Table 2.1) in July and August 2013, at or 
slightly after the peak of the summer melting season. These include eight subglacial (terminus) 
meltwater, three surface meltwater, and two river water samples. Samples were collected at 
altitudes between 0 and 1221 m asl with water collection temperatures ranging from 0°C to 
2.8°C. Water samples were collected in standard refrigeration grade 3/8” copper tubing. All 
samples were analyzed at the Noble Gas Laboratory at the University of Michigan on a MAP-
215 mass-spectrometer following procedures described in Castro et al. [2009] and Hall et al. 
[2012].  
 
2.4 Conceptual GrIS GMW Model: Implications for Noble Gases  
Figure 2.2 illustrates a conceptual model of the GrIS glacial hydrology near the terminus  
9 
 
 
 
#
!
!
!
p
p
p
p
p
#
20°0'0"E10°0'0"E0°0'0"
20°0'0"W
20°0'0"W
30°0'0"W40°0'0"W50°0'0"W
50°0'0"W70°0'0"W90°0'0"W
80
°0
'0
"N
70
°0
'0
"N
70
°0
'0
"N
60
°0
'0
"N
60
°0
'0
"N
20
°0
'0
"E
10
°0
'0
"E
10
°0
'0
"W
70
°0
'0
"W
0 400 800 1,200 1,600200
km
Elevation
-1,322 - 0
0 - 500
500 - 1,000
1,000 - 1,500
1,500 - 2,000
2,000 - 2,500
2,500 - 3,000
3,000 - 3,233
Sampling Location
p Terminus
! Surface
# River
¯
Summit
Narsarsuaq (NR)
Ilulissat (IL)
Kangerlussuaq (KL)
Nuuk (NU)
Kulusuk (KU)
Figure 2.1 Map of Greenland [Modified from Bamber, 2001]; sampling locations and 
type of samples collected are indicated. 
 10
 
T
ab
le
 2
.1
 S
am
pl
in
g 
lo
ca
tio
ns
, s
am
pl
e 
ty
pe
, m
ea
su
re
d 
w
at
er
 te
m
pe
ra
tu
re
s a
nd
 n
ob
le
 g
as
 c
on
ce
nt
ra
tio
ns
1 , 
R
/R
a, 
an
d 
R
ex
c/R
a v
al
ue
s2
. 
Sa
m
pl
e 
ty
pe
 a
nd
 
nu
m
be
r 
Lo
ca
tio
n 
Lo
ng
itu
de
 
(W
es
t) 
La
tit
ud
e 
(N
or
th
) 
El
ev
at
io
n 
(m
) 
W
at
er
 
Te
m
pe
ra
tu
re
 
(°
C
) 
H
e 
10
-8
 cm
3 
ST
P 
g-
1  
N
e 
10
-7
 cm
3 
ST
P 
g-
1  
A
r 1
0-
4 
cm
3 
ST
P 
g-
1  
K
r 1
0-
8 
cm
3 
ST
P 
g-
1  
X
e 
10
-9
 cm
3 
ST
P 
g-
1  
R
/R
a  
  
(±
1σ
) 
R
ex
c/R
a  
  
(±
1σ
) 
Te
rm
in
us
 
 
 
 
 
 
 
 
 
 
 
 
 
N
R
-T
1 
N
ar
sa
rs
ua
q 
45
°1
9.
76
5'
 
61
°1
2.
46
6'
 
25
 
1.
1 
33
.8
0 
2.
53
 
5.
19
 
11
.5
6 
15
.9
0 
0.
25
 (0
.0
1)
 
0.
09
 (0
.0
2)
 
IL
-T
1 
Ilu
lis
sa
t 
50
°2
2.
95
7'
 
68
°5
3.
85
1'
 
10
 
0.
0 
6.
42
 
1.
74
 
4.
31
 
10
.0
5 
14
.8
2 
0.
78
 (0
.0
2)
 
0.
05
 (0
.0
8)
 
K
L-
T1
 
K
an
ge
rlu
ss
ua
q 
50
°0
3.
54
9'
 
67
°0
8.
14
4'
 
41
7 
0.
0 
6.
62
 
2.
25
 
4.
78
 
11
.5
0 
17
.4
0 
0.
91
 (0
.0
2)
 
0.
63
 (0
.3
1)
 
K
L-
T2
 
K
an
ge
rlu
ss
ua
q 
50
°0
3.
52
7'
 
67
°0
8.
14
7'
 
40
6 
0.
1 
7.
09
 
1.
41
 
3.
28
 
7.
18
 
9.
06
 
0.
67
 (0
.0
1)
 
0.
03
 (0
.0
5)
 
N
U
-T
1 
N
uu
k 
49
°5
7.
12
3'
 
64
°0
6.
16
7'
 
17
6 
0.
0 
21
.0
9 
2.
75
 
5.
76
 
12
.3
9 
17
.2
1 
0.
41
 (0
.0
1)
 
0.
15
 (0
.0
5)
 
N
U
-T
2 
N
uu
k 
49
°5
7.
12
3'
 
64
°0
6.
16
7'
 
17
6 
0.
0 
6.
73
 
1.
91
 
4.
75
 
11
.4
2 
16
.8
8 
0.
75
 (0
.0
1)
 
0.
12
 (0
.0
6)
 
K
U
-T
1 
K
ul
us
uk
 
38
°2
7.
52
4'
 
65
°4
2.
59
7'
 
0 
0.
3 
6.
23
 
1.
95
 
5.
19
 
12
.4
8 
19
.4
3 
0.
83
 (0
.0
2)
 
0.
21
 (0
.1
0)
 
K
U
-T
2 
K
ul
us
uk
 
38
°2
7.
52
4'
 
65
°4
2.
59
7'
 
0 
0.
3 
5.
79
 
1.
91
 
4.
64
 
10
.8
4 
15
.8
1 
0.
90
 (0
.0
2)
 
0.
36
 (0
.1
6)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Su
rf
ac
e 
 
 
 
 
 
 
 
 
 
 
 
 
N
R
-S
1 
N
ar
sa
rs
ua
q 
45
°1
8.
24
3'
 
61
°1
3.
34
7'
 
71
 
0.
1 
6.
68
 
2.
25
 
3.
81
 
8.
60
 
11
.9
9 
0.
92
 (0
.0
1)
 
0.
41
 (0
.1
6)
 
K
L-
S1
 
K
an
ge
rlu
ss
ua
q 
50
°0
2.
15
4'
 
67
°0
8.
96
1'
 
51
3 
0.
0 
5.
41
 
1.
90
 
4.
68
 
11
.3
2 
17
.5
3 
0.
86
 (0
.0
2)
 
0.
05
 (0
.1
4)
 
N
U
-S
1 
N
uu
k 
49
°1
8.
26
9'
 
64
°0
0.
36
7'
 
12
21
 
0.
2 
5.
59
 
1.
74
 
4.
19
 
9.
87
 
14
.4
9 
0.
88
 (0
.0
2)
 
0.
51
 (0
.0
9)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
R
iv
er
 
 
 
 
 
 
 
 
 
 
 
 
 
K
L-
R
1 
K
an
ge
rlu
ss
ua
q 
50
°5
6.
84
3'
 
66
°5
7.
95
8'
 
12
2 
2.
8 
8.
03
 
1.
87
 
4.
66
 
10
.7
3 
16
.4
8 
0.
67
 (0
.0
2)
 
0.
17
 (0
.0
5)
 
K
L-
R
2 
K
an
ge
rlu
ss
ua
q 
50
°1
6.
59
9'
 
67
°0
4.
63
4'
 
24
8 
2.
6 
5.
32
 
1.
90
 
4.
79
 
11
.1
0 
17
.0
7 
1.
06
 (0
.0
6)
 
1.
54
 (0
.6
0)
 
 1 M
ea
su
re
m
en
t e
rr
or
s o
f n
ob
le
 g
as
 c
on
ce
nt
ra
tio
ns
 a
re
 1
.5
%
, 1
.3
%
, 1
.3
%
, 1
.5
%
, a
nd
 2
.2
%
 fo
r H
e,
 N
e,
 A
r, 
K
r, 
an
d 
X
e,
 re
sp
ec
tiv
el
y.
 
2 H
el
iu
m
 is
ot
op
e 
ra
tio
s, 
R
 =
 3 H
e/
4 H
e,
 a
re
 n
or
m
al
iz
ed
 b
y 
th
e 
at
m
os
ph
er
ic
 v
al
ue
 o
f R
a =
 1
.3
84
 ×
 1
0-
6  [
C
la
rk
e 
et
 a
l.,
 1
97
6]
. 
 
  11 
area [Martinerie et al., 1992, 1994; Skidmore et al., 2005; Das et al., 2008; Cuffey and Paterson, 
2010]. Water starts as melted snow or firn at the surface, in contact with air. Partial noble gas 
equilibration may occur both at the surface (area a in Figure 2.2) and at the terminus area (area c 
in Figure 2.2). Exposure of surface GMW to the atmosphere varies between hours and weeks, 
where an ASW component forms. For example, the formation of a supraglacial lake over ~3–4 
weeks was observed followed by massive and sudden drainage lasting ~1.4 h at an average rate 
of 8700 m3/s [Das et al., 2008]. EA is likely incorporated in GMW as water is fiercely 
transported through vertical conduits (crevasses and moulins), similar to the EA component 
present in sedimentary systems resulting from air bubbles trapped due to rapid water table 
fluctuations [Heaton and Vogel, 1981]. The meltwater discharged at the base of the glacier is 
likely a combination of surface melting routed through moulins and basal melt which has 
interacted with subglacial till and bedrock [Jean-Baptiste et al., 2001; Skidmore et al., 2005]. 
Trapped air in ice, which has a composition nearly indistinguishable from that of EA, can also be 
incorporated into the subglacial meltwater. This was observed by earlier studies of noble gases in 
ice cores and seawater affected by the submarine melting of ancient glacial ice [e.g., Schlosser, 
1986; Schlosser et al., 1990; Martinerie et al., 1992, 1994; Weppernig et al., 1996; Hohmann et 
al., 2002; Loose and Jenkins, 2014]. However, its contribution is expected to be minor, following 
the local hydrologic conceptual model for the GrIS GMW (Figure 2.2). The noble gas signature 
revealed by our samples supports this conceptual model (cf., section 2.5).  
 
 
Moulin
Crevasses
Meltwater
Discharge
=  Unsaturated snow 
=  Ice
=  Water
=  Bedrock
Englacial pockets and conduits
Supraglacial channels 
and lakes
Subglacial cavities 
and conduits
(a) Air
(c) Air
(b) Interaction with 
subglacial till and 
bedrock
=  Trapped Air
Figure 2.2 Conceptual model of glacial hydrology near the terminus area.  
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2.5 Results  
Figure 2.3a displays noble gas concentrations of our samples normalized to those in 0.09 
cm3 of air per gram of ice, i.e., the expected trapped air in glacial ice [e.g., Martinerie et al., 
1992, 1994]. It is apparent that our samples are heavily depleted in Ne and present an extreme 
Xe enrichment when compared to trapped air in ice. These measured concentrations contrast 
highly with those of trapped air in ice and suggest that the bulk of our GrIS GMW is not derived 
directly from the melting of old glacial ice in absence of atmospheric contact. Figure 2.3b 
displays noble gas concentrations normalized to the ASW corresponding to measured water 
temperature and altitude at collection points. With the exception of He, for which buildup of 
radiogenic 4He is observed, and in contrast to trapped air in ice, it is apparent that most samples 
display a pattern close to that of ASW. This suggests that an ASW component largely dominates 
over any possible EA component, including one originating from trapped air in glacial ice for the 
four heavier noble gases. EA can be incorporated both during rapid transport through vertical 
conduits and from melted old glacial ice. The composition of these EA components are nearly 
identical.  
From Figures 2.3b and 2.3c, it is apparent that for all GrIS GMW samples, noble gas 
concentrations do deviate somewhat from expected ASW values (C/CASW = 1) corresponding to 
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Figure 2.3 Measured noble gas concentrations normalized to (a) trapped air in glacier ice or (b 
and c) ASW at collection temperatures and altitudes. The solid black line indicates noble gas 
concentrations with no addition or loss of gases compared to trapped air in glacier ice or ASW. 
All samples (Figure 2.3b). Zoomed into 0 – 1.7 on the vertical axis (Figure 2.3c).  
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measured water temperature and altitude at collection points (Figures 2.3b and 2.3c and Table 
2.1). All samples display He excesses with respect to ASW values (Figure 2.3b). Two terminus 
samples (NR-T1 and NU-T1) display, by far, the highest excesses, with values up to 596% and 
339% that of ASW, respectively (Figure 2.3b). All other samples display excesses varying 
between 14% and 69% that of ASW. The origin and respective fractions of these He excesses are 
constrained by R/Ra values, where R is the measured 
3He/4He ratio and Ra is the atmospheric 
value of 1.384 × 106 [Clarke et al., 1976]. All samples but KL-R2 display R/Ra < 1 (Table 2.1), 
pointing to the presence of a crustal He source (0.02 ≤ Rc/Ra ≤ 0.05) [e.g., O’Nions and Oxburgh, 
1983] with a strong negative correlation between R/Ra values and total He concentrations (Figure 
2.4). A decreasing trend of Rexc/Ra from atmospheric to crustal values with increased total He 
0.2
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Figure 2.4 Measured R/Ra values versus total He 
concentrations, indicating negative correlation 
between R/Ra values and He concentrations.  
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and 4Heexc concentrations (where Rexc and 
4Heexc are the 
3He/4He ratios and 4He concentrations 
from which the atmospheric component was removed, respectively) [e.g., Castro, 2004] is also  
observed. This strongly suggests that 4He excesses are dominated by 4He crustal production, 
which allows, under certain assumptions, for subsequent calculation of GMW residence times 
(cf., section 2.6.2). In contrast to He, Ne, Kr, and Xe concentrations for most samples are 
depleted with respect to ASW, while six samples are also depleted in Ar (Figures 2.3b and 2.3c). 
Five samples are enriched in Ar up to a maximum of 18%, while two samples display expected 
ASW values with respect to collection point conditions. While Ne concentrations display a 
maximum depletion of 34%, Ar, Kr, and Xe display maximum depletions of 31%, 39%, and 51% 
with respect to ASW at collection altitudes and measured water temperatures. Deviations of 
measured concentrations from ASW values at collection point suggest an apparent lack of 
equilibration of GrIS melt- water with surface conditions (cf. section 2.6.1). The presence of two 
patterns in our samples is apparent. One group displays a mass-dependent depletion pattern with 
stronger depletion of the heavier noble gases compared to the lighter ones. This group consists of 
three terminus samples (NR-T1, KL-T1, and NU-T1) and one surface sample (NR-S1). Of these, 
three samples present Ne excesses, while sample NR-S1 displays the expected ASW Ne 
concentration. The second group displays a relative Ne depletion with respect to Ar, Kr, and Xe. 
This group includes nine samples of all three types, i.e., terminus, surface, and river samples. All 
samples in this group display Ne depletion with respect to ASW values at collection point 
conditions. As Ar, Kr, and Xe in GrIS GMW follow the mass-dependent depletion pattern for 
most samples, we refer here to this pattern as a relative Ne depletion as opposed to the relative 
Ar enrichment identified in previous studies [Warrier et al., 2012, 2013]. All Ne, Ar, Kr, and Xe 
isotopic ratios are indistinguishable from ASW values. In their study of springs in the Galápagos 
Islands, Warrier et al. [2012] hypothesized that this mass- independent pattern is likely due to 
mixing between low-altitude (<~400m) fog droplets and high-altitude precipitation. Fog was 
present in Greenland during two of our sampling days, and Bergin et al. [1994] have also 
reported the presence of fog at the Summit.  
 
2.6 Discussion  
2.6.1 Equilibration Temperatures and Altitudes  
Concentrations of atmospheric noble gases dissolved in water record various physical 
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parameters (e.g., temperature, EA, and altitude) at which final equilibration with the atmosphere 
takes place. Assuming that both Ne and Xe are in equilibrium with the atmosphere, it is possible 
to compare 1/Xe versus Ne/Xe to estimate an initial range of temperatures and altitudes of 
equilibration for our GrIS GMW samples [Warrier et al., 2012]. This is achieved by comparing 
measured Ne and Xe concentrations along with loci of calculated expected values for ASW for 
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measured 1/Xe versus Ne/Xe for all Greenland samples with theoretical ASW values. 
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altitudes and temperatures varying between 0 and 3000 m asl and between 0°C and 20°C, 
respectively (Figure 2.5). Such a plot suggests that six samples (IL-T1, KL-R1, KL- R2, NU-T2, 
NU-S1, and KU-T2) have nearly equilibrated with the atmosphere at ~0°C and at altitudes 
varying between 1 km and 2 km, values which are consistent with both temperatures and 
elevations in Greenland and, in particular, in our study area. In contrast, sample KL-T2, a 
terminus sample collected at 406 m at Kangerlussuaq (Figure 2.1), points to a significantly  
higher equilibration elevation, between 2500 m and 3000 m, and an apparent equilibration 
temperature of 11°C. This temperature is far too high and inconsistent with temperatures in the  
area and points to a lack of water equilibration with surface conditions. It is possible that the 
concentrations of the heavier noble gases and that of Xe in particular, which are extremely low in 
sample KL-T2, are due to ice formation at higher altitudes rather than the apparently high 
equilibration temperature. Indeed, due to their large atomic radii, Ar, Kr, and Xe tend to be 
excluded from the ice structure [Top et al., 1988; Malone et al., 2010]. Low heavy noble gas 
concentrations in precipitation have previously been observed and associated with ice formation 
at high altitudes [Warrier et al., 2013]. Sample KL-T2 is likely to be melted ice that has not 
equilibrated with the atmosphere. In addition, samples KL-S1 and KU-T1 point to temperatures 
below freezing, which can be identified through their Ne depletion and/or Xe excess. On the 
other hand, samples NR-T1, NR-S1, KL-T1, and NU-T1 suggest the presence of EA as revealed 
by their excess Ne (Figure 2.2). Any addition of EA to a sample moves it toward the bottom-
right following the arrows indicating EA. In order to estimate the higher limit of equilibration 
temperature, the sample may be moved toward the up-left parallel to the EA arrows by a certain 
amount to its collection altitude, without knowledge of the exact amount of EA present in the 
sample. The equilibration altitude is always higher than or equal to the collection altitude; 
therefore, when a sample is moved to its collection altitude, its maximum equilibration 
temperature can be estimated. This process of removing EA will lead to lower apparent 
equilibration temperatures and higher apparent equilibration altitudes. More specifically, this 
leads to maximum equilibration temperatures of ~5°C, 2°C, and 3°C for samples NR-T1, KL-T1, 
and NU-T1, temperatures, which are consistent with conditions on the ground. Sample NR-T1 
was collected at 25 m asl, very close to the observation site at Narsarsuaq [Vinther et al., 2006; 
Hanna et al., 2012], with a summer mean surface air temperature of ~10°C [Hanna et al., 2012]. 
Samples KL-T1 and NU-T1 were collected at 417 m asl and 176 m asl, respectively, at relative 
17 
 
proximity to the observation site altitudes at Kangerlussuaq and Nuuk, respectively [Vinther et 
al., 2006; Hanna et al., 2012]. It is also possible for the equilibration temperature suggested by 
samples KL-T1 and NU-T1 to be compatible with the surface conditions. In contrast, sample 
NR-S1, collected at 176m asl at Narsarsuaq, points to an equilibration temperature of ~13°C, 
assuming equilibrium at collection altitude. Similarly to sample KL-T2, this temperature is too 
high to be compatible with surface conditions in Greenland and suggests an ice origin, possibly 
melted ice that did not equilibrate with the atmosphere.  
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If equilibration for all noble gases is not warranted, as appears to be the case for at least 
some of our GrIS samples, examining each gas separately is necessary. Because Xe requires the 
longest equilibration times, it will provide us with the most reliable original equilibration 
altitudes. To determine equilibration altitudes based on each single noble gas, an equilibration  
temperature of 0°C was assumed for all samples (Figure 2.6).  
Overall, it is apparent from Figure 2.6 that 10 samples out of 13 yield Xe equilibration 
altitudes ranging from 820m to 2400m, an altitude interval that overlaps with that derived from 
Figure 2.5, but which is larger. Because the equilibration temperature is set at 0°C, higher 
apparent equilibration temperatures are equivalent to higher altitudes at lower temperatures. In 
particular, sample KL-T2 points to very high Ar, Kr, and Xe equilibration altitudes, which are 
higher than the highest elevation in Greenland. This reinforces the notion that sample KL-T2 is 
likely to have formed directly from ice and has not equilibrated with the atmosphere, as was 
previously discussed. Similarly, the Xe equilibration altitude of sample NR-S1, 4000 m, is also 
incompatible with conditions on the ground, pointing to melted ice that has not equilibrated with 
the atmosphere. However, Ar and Kr equilibration altitudes are compatible with Greenland 
topography and suggest that sample NR-S1 has reached a greater level of partial equilibration 
with the atmosphere than sample KL-T2. This sample’s Ne equilibration altitude is 
approximately that of collection altitude and suggests that Ne equilibrated with the atmosphere at 
the time of collection. This, however, assumes the absence of EA. Three samples, KL-R1, KL-
R2, and KL-S1, each shows very close Kr and Xe equilibration altitudes, which are also higher 
than their collection altitudes, suggesting that Kr has just started to equilibrate with surface 
conditions which are distinct from those at the water source, while Xe is still recording original 
water source altitudes. Xe equilibration altitude is higher than the collection altitude for sample 
KL-S1, suggesting that there is no Xe excess, and the apparent subfreezing temperature in Figure 
2 is solely due to Ne depletion. On the other hand, Kr and Xe of sample KU-T1 have equilibrated 
with surface conditions at the collection point, preventing identification of this water’s original 
source. Similar to sample KL-S1, its anomalously low Ne concentration, shown as high 
equilibration altitude in Figure 2.6, causes the apparent subfreezing temperature in Figure 2.5. 
Three samples, NR-T1, KL-T1, and NU-T1, yield Ne equilibration altitudes at or below sea level 
and thus below their collection altitudes, suggesting the presence of Ne excess resulting from 
EA.  
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As Ne concentration is greatly affected by the EA component, a negative EA component 
or a degassing process may be required to explain the observed Ne depletion. Bubbles that form 
in water under pressure and subsequently escape from the water phase are likely to preferentially 
lower Ne concentrations dissolved in water. Warrier et al. [2012] hypothesized that higher 
pressures in fog droplets cause lower noble gases solubilities in fog than the surrounding air. Due 
to Ne’s higher diffusivity, Ne is more sensitive to pressure differences than the heavier noble 
gases, resulting in lower Ne concentrations relative to heavier noble gases. Subsequent mixing of 
the fog with ASW components might lead to Ne depletion. This process could partially explain 
the relative Ne depletion and Ar enrichment observed in some of our samples.  
 
2.6.2 Sources and Residence Times of GrIS Meltwater  
It is possible to separate and quantify the different He components, i.e., atmospheric, 
crustal, and/or mantle to identify different water sources, i.e., precipitation as rain, snow, or ice 
versus groundwater. Estimation of the crustal He component subsequently allows estimation of 
groundwater residence times under certain simplifications and assumptions. This analysis is 
typically done by plotting Rnoea/Ra versus 
4Heeq/4Henoea, where Rnoea and 
4Henoea are the 3He/4He 
ratios and total measured 4He concentration at collection conditions after removal of EA and 
4Heeq is the ASW 
4He concentration under collection conditions (Figure 2.7) [Castro, 2004] 
(Appendix A1). From Figure 2.7, it is apparent that two terminus samples, NR-T1 and NU-T1, 
are dominated by crustal 4He. These samples have crustal contributions of 84.4% and 74.0%, 
minor mantle contributions of 0.7%–1.2%, and likely pre-modern atmospheric contributions of 
14.9% and 24.8%, respectively, as indicated by a complete absence of tritiogenic 3He. 
Alternatively, 10 tritium unit (TU) could be considered in the absence of a mantle component. 
However, due to the significant amounts of crustal 4He in these samples, this scenario is unlikely 
as 10 TU would correspond to modern water, which cannot have built up 4He. Indeed, 
measurements of tritium levels in Greenland precipitation in 2009 show an annual average value 
of 11 TU (International Atomic Energy Agency, 
https://www.univie.ac.at/cartography/project/wiser/, 2012). All other samples are dominated by 
an ASW component with 3Hetrit levels varying between 0 TU and 5 TU, lower than modern 
average tritium values (Figure 2.7). The very low 3Hetrit levels suggest that (1) our glacial 
meltwater samples have been isolated from contact with the atmosphere since before the bomb-
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test era, i.e., prior to the 1950s or (2) samples are very young so tritium has not yet decayed. Our 
first-order glacial meltwater residence time estimation based on 4Heexc concentrations, together 
with estimated 4He production rates in basement rocks and 
4He accumulation rates in water 
(Appendix A2), supports scenario 1, as very young water would not have accumulated 
radiogenic 4He from contact with bedrock. Based on excess 
4He concentrations and 
4He 
production rates, maximum and minimum water residence times were calculated (Table 2.2;  
Figure 2.7 Helium component separation. Colored lines indicate expected position for 
samples with tritiogenic 3He levels varying from 0 to 10 TU and percentages of mantle 
component in the non-ASW sources varying between 0% and 2%. The terms fm noted along 
the left vertical axis indicate mantle contributions to the He in the sums of crustal and 
mantle sources. End-members used for crust and mantle components are 0.02 and 8 times 
the atmospheric value, respectively. The x coordinate indicates the fraction of He 
contributed by ASW. The total contributions of crustal and mantle source are calculated by 
subtracting the x coordinates from 1, denoted as (1 – X). Mantle contribution to the whole 
sample is the corresponding fm multiplied by (1 – X).  
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Table 2.2 Water residence times calculated based on 4Heexc and U-series measurement (Arendt, 
2015). Ages are reported in years with 1σ errors in parentheses, expect the U-series age, where 
2σ errors are reported. 
Sample 
Type and 
Number 
Location 
4Heexc 
(10-8 cm3 
STP g-1) 
+/- Minimum Age 
Maximum 
Age 
Average 
Age 
U-series 
Age 
Ternimus        
NR-T1 Narsarsuaq 27.8 0.73 2800 (100) 4400 (100) 3600 (100) 1074 (193) 
IL-T1 Ilulissat 1.52 0.01 150 (10) 240 (20) 200 (10) 12 (1) 
KL-T1 Kangerlussuaq 1.54 0.43 160 (40) 240 (70) 200 (40)  
KL-T2 Kangerlussuaq 2.43 0.11 250 (10) 380 (20) 310 (10)  
NU-T1 Nuuk 14.6 0.80 1500 (100) 2300 (100) 1900 (100) 
266 (54) 
NU-T2 Nuuk 1.92 0.10 190 (10) 300 (20) 250 (10) 
KU-T1 Kulusuk 1.34 0.09 140 (10) 210 (10) 170 (10) 
203 (35) 
KU-T2 Kulusuk 0.89 0.09 90 (10) 140 (10) 110 (10) 
        
Surface        
NR-S1 Narsarsuaq 0.94 0.13 95 (14) 150 (20) 120 (10)  
KL-S1 Kangerlussuaq 0.80 0.08 80 (8) 120 (10) 100 (10)  
NU-S1 Nuuk 1.36 0.08 140 (10) 210 (10) 180 (10)  
        
River        
KL-R1 Kangerlussuaq 3.28 0.12 330 (10) 510 (20) 420 (10)  
 
Appendix A2). Average 4He water ages were also estimated (Table 2.2; Appendix A2). It should 
be noted that these age estimations yield simply a first estimation for the GMW. Although most 
samples display residence times between 100 years and 420 years, terminus samples NR-T1 and 
NU-T1 display significantly older ages of 3600 years and 1900 years, respectively. These 
residence times further support the notion that the ice from which these samples originated was 
isolated from the atmosphere prior to the 1950s. Highly variable calculated ages reflect the 
dominance of various contributions and origins for different samples, in particular, the presence 
of an older crustal versus a younger atmospheric component.  
 Residence times for four locations based on U-series (222Rn, 238U, and 234U/238U) 
measurements are listed in Table 2.2 (Arendt, 2015). Estimates based on both sets of tracers are 
the same order of magnitude at Narsaruaq and Kulusuk. One of the two noble gas samples yields 
s similar age estimate to the U-series age, while the other sample yields an age about an order of 
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magnitude higher. The residence time estimate at Ilulissat based on He is also about an order of 
magnitude higher than that based on U-series.  
Overall, the atmospheric component dominates, with most samples displaying an 
atmospheric ASW contribution of ~59% – 88% and a crustal contribution of ~12% – 41%. This 
suggests that at least 59% – 88% of the water is from precipitation as liquid, snow, or ice, with 
the remainder being meltwater either from the base of the ice sheet that has accumulated 4He 
over time or directly from groundwater moving upward, a process commonly observed in 
crystalline, fractured systems. Processes such as upward He diffusion are not considered, 
rendering these fractions representative of lower limits, and they may be underestimated. The 
two terminus samples with ~84% and ~74% crustal 4He suggest that much of this water is from 
basal melt or groundwater that has accumulated crustal 4He for a much longer time period, with 
possibly additional mantle He. Mixing of groundwater with basal meltwater will lead to 
overestimated basal meltwater residence times and older apparent ages.  
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CHAPTER III 
Characterizing glacial meltwater sources in the Athabasca Glacier, Canada, 
using noble gases as tracers1 
 
Abstract 
This study is the first comprehensive noble gas study in meltwater of an alpine glacier. It 
uses stable noble gases’ (He, Ne, Ar, Kr, and Xe) concentrations and isotopic ratios from the 
Athabasca Glacier meltwater (AGMW), Canada, in an attempt to identify the original source 
location of ice melt and the relative contributions of modern surface melt versus basal melt 
and/or groundwater. It also estimates first order water residence times of the glacial meltwater 
(GMW) resulting from a mixture of modern surface and basal melt and/or groundwater. Two 
patterns are apparent with respect to noble gas concentrations: 1) a mass-dependent depletion 
pattern with stronger depletion of the heavier noble gases compared to the lighter ones, and 2) a 
pattern displaying a relative Ne depletion with respect to Ar. Ratios of noble gas concentrations 
suggest that different gases have different degrees of equilibration and samples are far from 
equilibration with the atmosphere at any temperature compatible with the glacial environment. 
Xe concentrations alone suggest that all AGMW samples equilibrated with the atmosphere at 
altitudes between 2.5 and 3.4 km, altitudes that lie within the altitude range (1.9 – 3.5 km) of the 
Columbia Icefield. Most samples display Xe equilibration altitudes above the maximum altitude 
of the AG (~2.7 km), suggesting that a significant portion of the current AGMW originates in the 
Columbia Icefield that contributes to both the AG per se and current subglacial meltwater 
discharge. All AGMW samples are largely dominated by surface melt as opposed to basal melt 
with surface melt representing at least 71% – 96% of the total GMW. Basal melt and/or 
groundwater represent at most 4% – 29% of the total GMW. All AGMW samples exhibit 
tritiogenic 3He (3Hetrit) levels varying between 0 and 12 TU. Based on estimated 3Hetrit levels, 
4He concentrations, and average U and Th concentrations in carbonates, we conclude that the 
bulk of our AGMW is likely a mixture between pre-bomb and present time GMW with a most 
24 
 
likely average residence time of 160 ± 5 years with the exclusion of one present day sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
_________________ 
1Citation: Niu, Y., Castro, M. C., Hall, C. M., Aciego, S. M., and Arendt, C. A. (2017a). 
Characterizing glacial meltwater sources in the Athabasca Glacier, Canada, using 
noble gases as tracers. Appl. Geochem., 76, 136–147, 
doi:10.1016/j.apgeochem.2016.11.015.
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3.1 Introduction  
The study of noble gases (He, Ne, Ar, Kr, and Xe) dissolved in groundwater can enhance 
our understanding of surface and groundwater dynamics by providing an indication about flow 
paths, connectivity between aquifers, and water residence times [e.g., Andrews, 1985; Torgersen 
et al., 1989; Mazor and Bosch, 1992; Stute et al., 1992; Castro et al., 1998a, 1998b; Solomon, 
2000; Kulongoski et al., 2003; Carey et al., 2004; Patriarche et al., 2004; Castro et al., 2007; Ma 
et al., 2009; Pinti et al., 2011]. In addition, because noble gases are conservative tracers and their 
concentrations in the recharge areas of groundwater systems are typically considered to be 
simply a function of temperature (T), pressure (P) (altitude of recharge area), and excess air 
(EA), noble gas temperatures (NGTs) have commonly been regarded as a potentially robust 
indicator of past climate [Stute and Schlosser, 1993; Ballentine and Hall, 1999; Aeschbach-
Hertig et al., 2002; Kipfer et al., 2002; Castro and Goblet, 2003; Kulongoski et al., 2004; Sun et 
al., 2010; Castro et al., 2012]. Noble gas studies have been carried out extensively in sedimentary 
basins. However, noble gas studies in glacial environments remain scarce [Craig and Wiens, 
1996; Poreda et al., 2004; Severinghaus and Battle, 2006; Malone et al., 2010; Dowling et al., 
2014; Niu et al., 2015; Warrier et al., 2015].  
Alpine glaciers are extremely important water reservoirs providing freshwater throughout 
the world. Regions relying on melting snowpacks and/or glaciers for their water supply are more 
strongly dependent on temperature than local precipitation and are thus extremely vulnerable 
with respect to freshwater availability as snowpack and glaciers diminish [Barnett et al., 2005]. 
For example, the Tibetan Plateau and adjacent mountain ranges feed all rivers in Asia with its 
meltwater from snow or ice being critical to the Indus River recharge while being also very 
significant to the Brahmaputra River [Immerzeel et al., 2010]. Meltwater also plays a less 
important but still significant role in the Ganges, Yellow, and Yangtze Rivers, leading to half a 
billion people being affected by the retreat of the Tibetan Plateau glaciers [Kehrwald et al., 2008; 
Immerzeel et al., 2010]. Similarly, with the decline in glaciers and snowpacks in the Canadian 
Rocky Mountains, where all the major rivers in this region originate, Canada's west prairie 
provinces are facing a water crisis [Schindler and Donahue, 2006]. Tropical glaciers, including 
those in the central Andes Mountains [Chevallier et al., 2011] are also affected by climate 
change. With the initial increase in river flow resulting from increasing ice/snow melt, moraine 
dams, riverbanks, and infrastructures are under threat [Chevallier et al., 2011]. Hazards, e.g., 
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landslides and rock avalanches, are likely to be triggered by ice mass loss, increasing the 
vulnerability of humans and livestock [Evans and Clague, 1994; Mark et al., 2010; Chevallier et 
al., 2011]. Loss of biodiversity due to retreating glaciers is also a concern in alpine streams 
[Brown et al., 2007]. It is therefore increasingly important to understand the roles that alpine 
glaciers play in the global and local hydrological cycle.  
Here, we present the first comprehensive noble gas study in meltwater of an alpine 
glacier. This study represents the second noble gas study of glacial meltwater. The first study 
was carried out in outlet glaciers of the Greenland Ice Sheet (GrIS) [Niu et al., 2015]. In the 
present study, we use noble gas concentrations and isotopic ratios in the glacial meltwater from 
the Athabasca Glacier (AG) in an effort to quantify the relative contributions of modern surface 
melt versus basal ice melt and to identify the original source location of the ice melt. Ultimately, 
we seek to constrain the relative contributions of the Athabasca glacial meltwater (AGMW) 
sources, GMW residence times, and locations where GMW originates within the glacier in an 
attempt to improve our knowledge of the dynamics of alpine glaciers. This is possible due to the 
conservative nature of noble gases and the dependency of their concentrations on temperature 
and ambient air pressure in equilibrated air saturated water (ASW), allowing for estimation of 
the altitude at which glacial meltwater originated under certain assumptions applicable in the 
glacial environment. In addition, crustally produced isotopes such as 4He accumulate in water 
over time, allowing for a first order estimation of water residence times.  
 
3.2 Climatologic and Geological Background  
The Columbia Icefield straddles the continental divide in the Canadian Rocky Mountains, 
on the southern end of Jasper National Park in Alberta, Canada. The AG is one of eight outlet 
glaciers of the Columbia Icefield (Figure 3.1a and 3.1b). The Columbia Icefield is situated at 
altitudes varying between 1900 m and 3500 m above sea level (asl). Altitudes of the AG are 
between approximately 2700 m and 2030 m. Between 1919 and 2009, long term mean annual air 
temperature (MAAT) at the Columbia Icefield is – 4.0°C and long term total annual precipitation 
is 1277 mm [Tennant and Menounos, 2013]. Average summer (June, July, and August) air 
temperature between 1988 and 2011 at Yoho National Park (51.35°N, 116.33°W), about 110 km 
SE of AG and at an altitude of 2045 m, is about 9°C [National Centers for Environmental 
Information, NOAA, retrieved on November 13, 2015]. The long term average air temperature at 
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Job Creek (52.35°N, 116.78°W), located about 40 km NE of the AG at an altitude of 2005 m, is 
about 5 C in May [Alberta Climate Information Service, retrieved on November 13, 2015]. 
These air temperatures allow ice melt to occur in summer. Long term annual precipitation at Job 
Creek is about 600 mm. Temperature and precipitation values recorded at these stations are 
considered to be representative of the AG because of their proximity and similar altitude.  
The geology in the ice-free regions in the Columbia Icefield area has been extensively 
studied [Luckman and Crockett, 1978; Ross and Parrish, 1991; Gibson et al., 2005]. The bedrock 
underneath the Columbia Icefield is dominated by a formation known as zebra dolomites, which 
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contains repeated laminae of fine crystalline dark gray and coarse crystalline white dolomite 
[Swennen et al., 2003]. Hart [2006] described the bedrock at the AG's terminus as laminated 
limestone. The lithology around the Columbia Icefield is dominated by the Windermere 
Supergroup, which consists mainly of pelite and marble. Many other types of rock, including 
shale, sandstone, carbonates, syenite, granite, granodioritic gneiss, and other undivided 
sedimentary and metamorphic rocks are also present in the surrounding area [Luckman and 
Crockett, 1978; Parrish et al., 1988; Ross and Parrish, 1991; Crowley and Parrish, 1999; 
Johnston et al., 2000; Gibson et al., 2005].  
 
3.3 Sampling and Analytical Methods  
Water samples for noble gas analyses were collected in the morning on selected dates in 
May and July 2011 at 52°12.562”N, 117°14.287”W, 2030 m asl, 10 m downstream from the 
AG's terminus and at 52°12.360”N, 117°14.192”W, 2080 m asl, 200 m upstream from the initial 
terminus as the melt season progressed and the glacier retreated (Table 3.1). A total of eight 
samples were collected on six different days. On two collection days, two samples were collected 
at different times within the same day, samples 45 and 46 and samples 47 and 48. 
 Water samples were collected in standard refrigeration grade 3/8” copper tubing after 
being allowed to flow through for 10 min. As water flowed through the copper tube, the absence 
of gas bubbles was visually checked through a transparent plastic tube mounted to the end of the 
copper tube. The copper tubes were then sealed by stainless steel pinch-off clamps [Weiss, 
1968]. All samples were analyzed for all stable noble gas concentrations (He, Ne, Ar, Kr, and 
Xe) and isotopic ratios in the Noble Gas Laboratory at the University of Michigan. The copper 
tube is attached to a vacuum extraction system and evacuated to below 2×105 Torr. The bottom 
clamp is then opened, releasing the water into a low He diffusion glass flask. Extraction of the 
dissolved gases occurs in two stages: the first uses water vapor as a carrier gas to transport all 
dissolved gases through a tubing constriction into a liquid N2 cold trap; the second stage uses 
water vapor from warming the small quantity of water in the cold trap to transport the dissolved 
gases into a section of the system with a 3Å molecular sieve. This part of the system is dried by 
the water adsorption properties of the molecular sieve, and the gases from the water sample can 
then be admitted into a clean-up section equipped with getter pumps to remove all active gases. 
Purified noble gases are then sequentially allowed to enter a MAP-215 mass-spectrometer using 
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Table 3.1 Sample number, sampling date, location, altitude, and measured water temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
a computer-controlled cryo-separator. The errors on measured He, Ne, Ar, Kr, and Xe 
concentrations are 1.5%, 1.3%, 1.3%, 1.5%, and 2.2%, respectively. Additional detail on 
sampling and measurement procedures can be found in Castro et al. [2009] and Hall et al. 
[2012].  
 
3.4 Conceptual Model of the Glacial Hydrology  
A conceptual model of the glacial hydrology near the terminus area is illustrated in 
Figure 3.2 [Martinerie et al., 1992, 1994; Skidmore et al., 2005; Das et al., 2008; Cuffey and 
Paterson, 2010; Arendt, 2015; Niu et al., 2015]. Snow and firn melt at the surface, where 
meltwater is in contact with air [Arendt, 2015]. Partial noble gas equilibration may occur both at 
the surface (area a) and at the terminus (area c) areas. An ASW component then forms on the 
surface as the surface GMW is exposed to the atmosphere for hours to weeks. For example, the 
formation of a supraglacial lake over 3 – 4 weeks was observed followed by massive and sudden 
drainage lasting ~1.4 h at an average rate of 8700 m3/s in Greenland [Das et al., 2008]. As water 
is routed down to the bottom of glaciers by vertical conduits (crevasses and moulins), EA is 
likely incorporated in GMW. This EA component is similar to that present in sedimentary 
systems, which results from air bubbles trapped due to rapid water table fluctuations [Heaton and 
Vogel, 1981]. It is likely that the meltwater discharged at the base of the glacier is a combination 
Sample 
Number 
Date 
Sampled 
Longitude 
(West) 
Latitude 
(North) 
Elevation 
(m) 
Water 
Temperature 
(°C) 
03 05/07/11 52°12.562' 117°14.287' 2030 0.6 
16 05/20/11 52°12.562' 117°14.287' 2030 1.3 
38 07/16/11 52°12.360'  117°14.192' 2080 0.8 
42 07/20/11 52°12.360' 117°14.192' 2080 n/a 
45 07/23/11 52°12.360' 117°14.192' 2080 n/a 
46 07/23/11 52°12.360' 117°14.192' 2080 n/a 
47 07/25/11 52°12.360' 117°14.192' 2080 n/a 
48 07/25/11 52°12.360' 117°14.192' 2080 n/a 
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of surface melt transported to the base and basal melt which has interacted with subglacial till 
and bedrock [Jean-Baptiste et al., 2001; Skidmore et al., 2005; Arendt, 2015]. As ice melts at the 
base, trapped air in ice can also be incorporated into the subglacial meltwater under the pressure 
of the glacier, whose composition is nearly indistinguishable from that of EA in sedimentary 
systems. This was observed in earlier studies of noble gases in ice cores and seawater affected by 
the submarine melting of ancient glacial ice [e.g. Schlosser, 1986; Schlosser et al., 1990; 
Martinerie et al., 1992, 1994; Weppernig et al., 1996; Hohmann et al., 2002; Loose and Jenkins, 
2014]. However, the contribution of trapped glacial air is expected to be minor given the local 
hydrologic conceptual model for the glacier near the terminus area (Figure 3.2).  
The diffusion rates of noble gases into water are relatively low in comparison to the time 
scale required for water to flow from the terminus to the collection point (~10 m away from the 
terminus). The diffusion coefficients of noble gases in water at a temperature of 5°C are: DHe = 
5.10 × 10-5 cm2/s, DNe = 2.61 × 10-5 cm2/s, DKr = 1.02 × 10-5 cm2/s, and DXe = 0.774 × 10-5 cm2/s 
[Jähne et al., 1987]. When there is no turbulence, within 100 s (~2 min), noble gases can diffuse 
for distances of 0.7 mm, 0.5 mm, 0.3 mm, 0.3 mm for He, Ne, Kr, and Xe, respectively, using 
the equation x2 = Dt, where x is mean displacement, D is the diffusion coefficient, and t is time. 
These distances are overestimated for the collection conditions, as diffusion coefficients are 
lower at temperatures around 1°C than at 5°C. Noble gases are expected to diffuse for distances 
significantly under 1 mm during the time water flows from the terminus (~ 30 s), so the sampling 
Moulin
Crevasses
Meltwater
Discharge
=  Unsaturated snow 
=  Ice
=  Water
=  Bedrock
Englacial pockets and conduits
Supraglacial channels 
and lakes
Subglacial cavities 
and conduits
(a) Air
(c) Air
(b) Interaction with 
subglacial till and 
bedrock
=  Trapped Air
Figure 3.2 Conceptual model of the glacial hydrology 
near the terminus area (Niu et al., 2015).  
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methodology is not expected to lead to erroneous data due to noble gas equilibration with the 
atmosphere at the point of sample collection.  
The same conceptual model of the glacial hydrology near the terminus area was applied 
to the GrIS and is well supported by the noble gas signatures revealed in the GrIS GMW [Niu et 
al., 2015]. In that study, subglacial meltwater, surface meltwater, and river water samples were 
collected [Niu et al., 2015]. In this study, meltwater samples were collected within 10 m of the 
terminus of an outlet glacier of an alpine icefield (the Columbia Icefield), but not at the surface 
or from rivers. As shown below (cf., section 3.5), the AGMW exhibits a similar pattern to that of 
the GrIS where the ASW component dominates with the addition of some EA.  
 
3.5 Results  
Figure 3.3a exhibits measured noble gas concentrations of our AGMW samples 
normalized to those in the expected trapped air in glacial ice, i.e., 0.09 cm3 of air per gram of ice 
[Martinerie et al., 1992; 1994]. It is apparent that our samples are heavily depleted in Ne and 
extremely enriched in Xe when compared to trapped in  
glacial ice. These measured concentrations contrast strikingly with those of trapped air in glacial 
ice and suggest that the bulk of AGMW is not derived directly from the melting of old glacial ice 
in the absence of atmospheric contact. If this were the case, a nearly horizontal pattern would be 
expected. Figure 3.3b displays measured noble gas concentrations normalized to the ASW 
concentrations corresponding to measured water temperature and altitude at the collection points. 
He and Ne in trapped air in ice normalized to ASW at 2080 m and 0°C are not shown as they are 
12.3 and 9.3 times greater than the ASW values at collection conditions, respectively, and are off 
scale in the current diagram. With the exception of He, for which buildup of radiogenic 4He is 
observed, and in contrast to trapped air in ice, it is apparent that most samples display a pattern 
far closer to that of ASW compared to that of trapped air in glacial ice. This suggests that an 
ASW component largely dominates over any possible EA component, including one originating 
from trapped air in glacial ice for the four heavier noble gases.  
For all of the eight AGMW samples, noble gas concentrations do deviate to a certain 
degree from expected ASW values (C/CASW = 1) corresponding to measured water temperature 
and altitude at the collection points (Table 3.2; Figure 3.3). For most samples, 1s error bars are 
smaller than the symbols. For samples without a record of water temperature, 0°C was used to 
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normalize measured values. As the subglacial meltwater is constantly in contact with the glacier, 
it is likely that the water temperature does not deviate much from 0°C. All samples display He 
excesses with respect to ASW values ranging from 4% to 91%. The origin and source of these 
He excesses are constrained below by R/Ra values, where R is the measured 3He/4He ratio and Ra 
is the atmospheric value of 1.384×106 [Clarke et al., 1976].  
In contrast to He, Xe concentrations for all samples are depleted with respect to ASW, 
with depletion levels varying from 2% to 14%. Five samples are depleted in Kr with depletion 
values ranging from 2% to 10%. Three samples display Kr enrichments up to 4%. In contrast, six 
out of eight Ne samples are enriched, with enrichment values varying between 6% and 43%. Six 
samples are enriched in Ar, with enrichment levels varying from 2% to 18%, while two samples 
are depleted up to 2%. This suggests an apparent lack of equilibration of the AGMW with the 
atmosphere, as measured noble gas concentrations deviate from ASW values at collection 
conditions. Similar to the GrIS meltwater samples [Niu et al., 2015], two noble gas patterns are 
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Figure 3.3 Measured noble gas concentrations normalized to (a) trapped air in 
compressed glacial ice, and (b) ASW at collection water temperatures and 
altitudes. The solid black line indicates noble gas concentrations with no 
addition or loss of gases compared to (a) trapped air, and (b) ASW. For most 
samples, 1σ error bars are smaller than the symbols.  
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Table 3.2 Measured noble gas concentrations at STP1, R/Ra 2, Rexc/Ra values, estimated 
equilibration altitudes based on each gas, estimated EA amounts to account for Ne excesses with 
respect to ASW at 0°C and collection altitudes for each sample, and ASW noble gas 
concentrations at a temperature of 0°C and altitudes of 2030 m and 2080 m. For samples 03 and 
46, estimated Ne altitudes are compatible with local topography, and are assumed to have no EA.  
Sample 
Number 
He 
10-8 
cm3 
g-1 
Ne 
10-7 
cm3 
g-1 
Ar 
10-4 
cm3 
g-1 
Kr 
10-8 
cm3 
g-1 
Xe 
10-8 
cm3 
g-1 
R/Ra    
(±1σ) 
R/Ra 
without 
3He from 
5 TU of 
3H (±1σ) 
Rexc/R
a    
(±1σ) 
Estimated Equilibration 
Altitude EA based 
on Ne 
excess (10-4 
cm3/g) 
Ne 
(m) 
Ar 
(m) 
Kr 
(m) 
Xe 
(m) 
              
03 3.97 1.59 3.77 8.85 1.32 0.98 (0.03) 
0.75 
(0.02) 
0.96 
(0.91) 2900 
230
0 
280
0 3200 - 
16 5.53 1.83 4.00 9.16 1.30 0.92 (0.02) 
0.76 
(0.01) 
0.74 
(0.11) 1700 990 
250
0 3300 3.86 
38 7.26 2.47 4.47 9.90 1.42 1.03 (0.04) 
0.91 
(0.04) 
1.23 
(0.29) -790 
140
0 
190
0 2500 39.8 
42 5.89 1.92 4.02 9.10 1.29 0.90 (0.02) 
0.75 
(0.01) 
0.67 
(0.10) 1300 
190
0 
260
0 3400 9.16 
45 5.68 1.89 4.22 9.34 1.40 0.80 (0.14) 
0.64 
(0.11) 
0.27 
(0.54) 1400 
180
0 
240
0 2700 7.69 
46 4.85 1.73 3.99 8.75 1.34 1.16 (0.02) 
0.98 
(0.02) 
1.83 
(0.18) 2200 710 
290
0 3000 - 
47 5.96 2.14 4.51 10.08 1.44 1.01 (0.04) 
0.86 
(0.03) 
1.13 
(0.27) 430 
190
0 
180
0 2500 21.2 
48 6.49 2.22 4.62 10.09 1.42 0.78 (0.03) 
0.64 
(0.02) - 100 
280
0 
180
0 2600 25.9 
ASW 
0°C 
2030 m 
3.85 1.76 3.9 9.76 1.52    
     ASW 
0°C 
2080 m 
3.82 1.75 3.87 9.7 1.51       
          
1Measurement errors of noble gas concentrations are 1.5%, 1.3%, 1.3%, 1.5%, and 2.2% for He, Ne, Ar, 
Kr, and Xe, respectively. 
2Helium isotope ratios, R = 3He/4He, are normalized by the atmospheric value of Ra = 1.384 × 10-6 
[Clarke et al., 1976]. 
 
observed in the AGMW samples. One group dis- plays a mass-dependent depletion pattern, 
where the heavier noble gases are more depleted compared to the lighter ones. This group 
consists of samples 38, 42, and 45 (squares in Figures 3.3 and 3.5). All of these three samples 
present Ne excesses with respect to ASW values. The second group displays a relative Ar 
enrichment with respect to Ne, Kr, and Xe. This group consists of samples 03, 16, and 46 (circles 
with bold lines in Figures 3.3 and 3.5). These three samples all present Kr and Xe depletion 
compared to ASW values. In these three samples, while Ar is relatively enriched with respect to 
Ne, there is not a consistent pattern in Ne and Ar concentrations with respect to ASW. 
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Specifically, sample 03 is depleted in both Ne and Ar, sample 16 is enriched in both Ne and Ar, 
and sample 46 is depleted in Ne and enriched in Ar. Samples 47 and 48, collected the same day, 
do not fit in these two groups, presenting similar Ar and Kr concentrations normalized to ASW 
or Kr enrichment relative to Ar. The relative-Ar-enrichment or Ne-depletion pattern was first 
observed in high-altitude springs in the Galápagos Islands [Warrier et al., 2012] and 
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subsequently in rainwater in southeast Michigan [Warrier et al., 2013]. More recently, it was also 
observed in GMW from the GrIS [Niu et al., 2015]. For most samples, Ne, Ar, Kr, and Xe 
isotopic ratios are indistinguishable from atmospheric values, as was also observed in the GrIS 
samples.  
 
3.6 Discussion  
3.6.1 Equilibration Temperatures and Altitudes  
Concentrations of atmospheric noble gases dissolved in water record various physical 
parameters (e.g., temperature, altitude, and EA) at which final equilibration with the atmosphere 
takes place. When the ambient air pressure is not 1 atm, a uniform correction factor is applied to 
the solubility values at sea level in distilled water for all noble gases [Mazor, 1972]. As the same 
correction factor for altitude is applied to all noble gases, the Ne/Xe, Ar/Xe, and Kr/Xe ratios in 
ASW are independent of altitude and are functions of temperature only. The measured Ar/Xe 
and Kr/Xe versus Ne/Xe are compared with ASW values at temperatures between 0°C and 8°C 
in Figure 3.4. Dashed lines originating from triangles show how addition of EA affects these 
ratios from initial ASW compositions at 0°C, 2°C, and 4°C. From Figure 3.4, it is apparent that 
our samples are not in equilibrium with the atmosphere at conditions comparable with the local 
climate and geography and different gases exhibit very different patterns. It should be noted that 
the temperature of basal melt water is always near the freezing point, for it is in constant contact 
with the glacier, and the highest measured water temperature for our samples is 1.3°C, with other 
measured glacial melt water temperatures below 1°C (Table 3.1). All samples plot above and/or 
to the left of the lines representing ASW with EA in Figure 3.4a, which is the result of relative 
Ar excess and/or Ne depletion. This suggests that none of the samples is in equilibrium. In 
contrast, a subset of samples in Figure 3.4b exhibits Kr/Xe ratios apparently compatible with 
ASW and EA within one sigma error, when none of the samples in this group is equilibrated in 
Ar. As different gases have very different degrees of equilibration, it is not possible to estimate 
meaningful equilibration conditions based solely on measured ratios of gas concentrations. 
Therefore, it is necessary to examine each gas separately.  
To determine equilibration altitudes based on one single noble gas, an equilibration 
temperature of 0°C was assumed for all samples. Estimation of recharge altitude was done 
assuming ASW concentrations and with an altitude correction factor as outlined in Ballentine 
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and Hall [1999]. Because of its low diffusion coefficients in air and water, Xe requires the 
longest equilibration times, so it provides the most reliable estimate of original equilibration 
altitudes. Figure 3.5 exhibits the equilibration altitudes estimated based on Ne, Ar, Kr, and Xe 
for each sample and 1s error bars are shown; these equilibration altitudes are also tabulated in 
Table 3.2. Compatible equilibration altitudes are bounded by the local maximum altitude (3500 
m) and collection altitudes (2080 m and 2030 m, respectively), all shown as black solid lines 
(Figure 3.5). A dashed line shows the maximum altitude of the AG at 2700 m. If the 
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equilibration altitude based on any gas is higher than the local maximum altitude, the sample is 
depleted in this gas with respect to the ASW values at 0°C, which suggests that the sample was 
still in disequilibrium with the atmosphere at the time of collection. If the equilibration altitude 
based on any gas is lower than the collection altitude, the sample is enriched in this gas with 
respect to the ASW values at 0°C and collection altitude. When estimated Ne altitudes are lower 
than collection altitudes, it suggests the presence of EA. For these samples, one can estimate the 
EA amounts required to account for the Ne excesses with respect to ASW at 0°C and collection 
altitudes (Table 3.2). Specifically, for each sample, the difference between total measured Ne 
concentration and the ASW value at 0°C and collection altitude is assumed to be from EA only. 
The EA amount is then estimated following Ballentine and Hall [1999].  
All AGMW samples show Xe equilibration altitudes ranging from 2500 m to 3400 m, 
compatible with local topography, and higher than their collection altitudes, suggesting that they 
were in the process of achieving equilibrium with the atmosphere at the time of collection. All 
samples, except sample 46, display Kr altitudes lower than Xe altitudes, suggesting that Kr has 
achieved a higher degree of partial equilibration in those samples. Sample 46 displays similar Kr 
and Xe altitudes, suggesting that Kr has just started to equilibrate and yields the altitude of the 
water source. Five of eight samples present Xe equilibration altitude equal to or higher than the 
highest elevation of the Athabasca Glacier (2700 m; Figure 3.5 and Table 3.2). This suggests that 
at least some of the subglacial meltwater currently discharged at the terminus of the AG does not 
originate from the AG itself but instead, from more distant locations within the Columbia 
Icefield.  
With the exception of samples 03 and 46, all other AGMW samples display Ne altitudes 
lower than the collection altitudes suggesting the presence of EA. Samples 03 and 46 display 
apparently compatible Ne altitudes; however, Ne might have undergone depletion due to other 
processes, so the presence of EA cannot be ruled out. Warrier et al. [2012] hypothesized that the 
mixing of low-altitude fog and high-altitude precipitation is partially responsible for the Ne 
anomalies observed in their high altitude spring samples. Following a pilot rainwater noble gas 
study in southeast Michigan, Warrier et al. [2013] subsequently suggested that these Ne 
anomalies are associated with different weather patterns. Additional noble gas studies of fog, 
synoptic and orographic rain as well as snow are currently underway in an attempt to achieve a 
greater level of understanding of noble gas behavior in these environments and hopefully, a 
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better understanding of the source of the observed Ne and possibly Ar anomalies.  
Samples 47 and 48, collected on the same day, register similar apparent Kr and Xe 
altitudes, but different Ne altitudes and even more drastically different Ar altitudes. Specifically, 
Ne altitude is 430 ± 110 m for sample 47 and 100 ± 110 m for sample 48; Ar altitude is 1900 ± 
120 m for sample 47 and 2800 ± 120 m for sample 48. The difference in Ne altitudes for the two 
samples is barely over the sum of their 1σ errors, while estimated Ar altitudes for the two 
samples are clearly distinct. This suggests that local glacial hydrology and dynamics changed 
rapidly during the course of an hour during which both samples were collected, leading to very 
different processes that impact Ne and Ar concentrations within the AGMW. This is not 
unexpected taking into account the fast, turbulent flow observed at the collection site during 
sample collection. This turbulent flow might also be the cause of the observed high level of EA 
in some of these samples. Samples 45 and 46 yield different equilibration altitudes for all gases 
without a specific pattern. Specifically, sample 46 displays a much lower Ar altitude than Ne 
altitude while sample 45 yields lower equilibration altitudes for lighter noble gases. These two 
samples also suggest very rapid changes in local glacial hydrology and dynamics within the 
time-frame of an hour.  
In conclusion, different gases have achieved different degrees of equilibrium or have 
equilibrated with the atmosphere at different altitudes. On the other hand, if the equilibration 
temperature is assumed to be 0°C, Xe concentrations alone indicate that all samples equilibrated 
with the atmosphere at altitudes varying between 2500 m and 3400 m. Most samples display Xe 
equilibration altitudes above the maximum altitude of the AG (~2700 m), suggesting that a 
significant portion of the current AG meltwater originates in the Columbia Icefield which 
contributes to both the AG per se and current subglacial meltwater discharge. Overall, it is 
apparent that all samples are in disequilibrium with the atmosphere at collection conditions.  
 
3.6.2 Glacial Meltwater Sources and Residence Times  
The separation and quantification of different He components, i.e., atmospheric, crustal 
and/or mantle, under certain assumptions, allows for the identification of different water sources 
within the AGMW, i.e., precipitation as rain, snow or ice versus groundwater. Estimation of the 
crustal He component subsequently allows for estimation of groundwater residence times under 
certain simplifications and assumptions. This analysis is typically done by plotting Rnoea/Ra 
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versus 4Heeq/4Henoea [e.g., Weise, 1986; Weise and Moser, 1987; Castro, 2004; Wen et al., 
2016a]. We specify  
Henoea = Hes - Heea,        (3.1) 
Heexc = Hes - Heeq - Heea,       (3.2) 
where Hes is measured total He concentration of the sample, Heeq and Heea are the ASW and EA 
components, respectively. Henoea is the measured He concentration without the EA He 
component and Heexc is the measured He concentration without both the ASW and EA He 
components. Heea is estimated following Eq. (3.3) [Kipfer et al., 2002]:  
Heea = (He/Ne)atm * (Nes – Neeq),      (3.3) 
where Nes is measured total Ne concentration and Neeq is the ASW component at collection 
altitude and water temperature. (He/ Ne) atm is the ratio of He and Ne in the atmosphere and is 
equal to 0.2882 ± 0.0028 (Ozima and Podosek, 2002). Concentrations of 3He are given given by 
3Hes = 4Hes * R, 3Heeq = 4Heeq * Req, and 3Heea = 4Heea * Ra, where Req = (1.360 ± 0.006) * 10-6 
[Benson and Krause, 1980] and R are the 3He/4He ratios for ASW and total measured He, 
respectively. In addition, we specify: 
Rnoea = 
!"!"#$!!"!"#$!          (3.4) 
and 
 Rexc = 
!"!"#!!"!"#! ,         (3.5) 
where Rnoea  and Rexc are the 3He/4He ratio without the EA component and that without both the 
ASW and EA components, respectively. Sample 03 and 46, with no Ne excess with respect to 
the ASW value, are subsequently treated as samples without EA. Calculated Rexc/Ra values are 
indicated in Table 3.2. Sample 03 has very little total He excess and sample 45 has very little 
excess 3He (3Heexc), which results in large errors in Rexc/Ra estimates. Sample 48 has no 3Heexc, 
leading to a negative apparent Rexc/Ra.  
Figure 3.6 shows a plot of Rnoea/Ra versus 4Heeq/4Henoea for AGMW (this study) and GrIS 
GMW [Niu et al., 2015] samples. Error bars show 1σ errors. Colored solid lines indicate the 
expected position for samples with tritiogenic 3He levels varying from 0 to 12 TU and 0% mantle 
contribution while dashed lines indicate mantle contributions of 1% and 2% and a tritiogenic 3He 
level of 0 TU. The lines are calculated following:  
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Rnoea/Ra = 
 !"!"!!" ! !"!"#!!"# ! ! !"!"#! !  ! !"!"#$!!  !      (3.6) 
and rearranged to 
 Rnoea/Ra = (kx + Rexc) / Ra       (3.7) 
where, k = Req – Rexc + 3Hetrit / 4Heeq,       (3.8) 
x = 4Heeq / 4Henoea,        (3.9) 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
R n
oe
a/R
a
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X = 4Heeq / 4Henoea
0316
38
42
45
46
47
48
AG Terminus
GrIS Terminus
GrIS Surface
GrIS River
fm = 0%
fm = 1%
fm = 2%
CRUST
MANTLE
0TU
1TU
2TU
5TU
10TU
3Hetrit
12TU
ASWDecreasing Terrigenic He
(eq = ASW at collection point)
Figure 3.6 Helium component separation for the AGMW samples compared with 
GrIS samples (Niu et al., 2015). R/Ra values for crustal and mantle components 
are assumed to be 0.02 and 8, respectively. Lines corresponding to 0%, 1%, and 
2% mantle helium and 0, 1, 2, 5, 10, and 13 TU tritiogenic 3He are shown.  
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and 
 Rexc = fmRm + (1- fm)Rc.       (3.10) 
The term fm, indicated along the left vertical axis, corresponds to the fraction of the mantle 
contribution and (1- fm) is the crustal fraction of the terrigenic end-member. Rc and Rm are the 
3He/4He crustal and mantle for the mid-ocean ridge basalts (MORB) ratio end-members, 
respectively, and are assumed to be 0.02 [O'Nions and Oxburgh, 1983] and 8 [Farley and 
Neroda, 1998] times the atmospheric ratio (Ra), respectively. The x coordinate indicates the He 
fraction contributed by ASW. The ASW component increases with decreasing terrigenic He. The 
fraction of terrigenic end-member is (1-x). In this graphic, a sample displaying a value of 1 on 
the horizontal axis points to a component of purely atmospheric origin or ASW, while a value 
approaching 0 points to a solely terrigenic origin. Increasing values on the left vertical axis 
denote increasing mantle contributions, while increasing values on the right vertical axis reflect 
increasing tritiogenic 3He levels (in TU; 1 TU is equivalent to 2.5 * 10-15 cm3 of 3He per gram of 
water [Schlosser et al., 1988]). Samples plotting along a particular mixing line represent varying 
contributions of these components.  
Figure 3.6 points to tritiogenic 3He levels for AGMW samples varying between 0 and 12 
TU, a wider range in tritiogenic values than that previously observed in GrIS GMW samples (0 – 
5 TU) [Niu et al., 2015]. Samples 03, 45, and 48 point to tritiogenic 3He levels of 1 TU, 2 TU, 
and approximately 0 TU, respectively. These values are below the pre-bomb tritium levels in 
precipitation (5 TU) [Craig and Lal, 1961; Roether, 1967]. Samples 16, 38, 42, 46, and 47 
exhibit tritiogenic 3He levels between 5 TU and 12 TU. Unlike the GrIS GMW samples, all the 
AGMW samples plot near the right hand side of the figure indicating the presence of a largely 
dominant ASW component. ASW contributions vary between 71% (42) and 96% (03) with a 
significantly smaller crustal contribution of ~4% (03) – 29% (42). This suggests that at least 71% 
– 96% of the water is from precipitation as liquid, snow, or ice, with the remainder being 
meltwater either from the base of the glacier that has accumulated 4He over time or directly from 
groundwater moving upward, a process commonly observed in crystalline, fractured systems. 
Processes such as upward He diffusion are not considered, rendering these fractions 
representative of lower limits, and they may be underestimated.  
For most samples, tritiogenic 3He levels found in the AGMW are similar to 3H levels found in 
modern precipitation at high latitudes in North America, for example, 4 TU in Portland, Oregon 
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in 2002, 18 TU in Ottawa, Ontario in 2007, and 7 TU in Anchorage, Alaska in 2009 
[International Atomic Energy Agency, retrieved on October 27, 2015]. AG runoff water 3H 
levels measured in 1963 yielded 420 TU and that in precipitation at Jasper National Park, of 
which the AG is part, yielded 8200 TU [Leventhal and Libby, 1970]. At the time our samples 
were analyzed (2012 and 2013), about four half-lives of 3H (t1/2 = 12.43 yr) [Unterweger et al., 
1980] had elapsed since the bomb-test peak in 1963, more than 93% of the 3H in the runoff and 
precipitation measured in 1963 should have decayed into 3He and register tritiogenic 3He levels 
of about 390 TU and 7600 TU, which are far greater than those estimated in our samples. Three 
scenarios could potentially lead to the tritiogenic 3He estimated in the AGMW samples (0 – 
12TU): (1) AGMW samples are older than the bomb-test era so that they contained solely 
background tritium levels (5 TU) at the time of ice formation; (2) AGMW samples are all 
extremely recent and are representative of present precipitation so the 3H has not yet decayed to 
the 3He levels seen in our samples; (3) AGMW samples represent a mixture of the pre-bomb, 
bomb, or post- bomb-era water and present day water, the latter having diluted the tritiogenic 
3He brought by the former component. Measurements of 3H levels in AGMW samples would 
allow identification of these three possible scenarios; tritium measurements, however, are not 
available for these samples. For samples 03, 45, and 48, of which tritiogenic 3He levels are below 
5 TU, only scenario (2) or (3) applies; otherwise, at least 5 TU of tritiogenic 3He should be 
detected. Given that surface meltwater is routed down through vertical crevasses and water is 
needed to keep the crevasse open and propagating [Das et al., 2008], it is likely that ice from 
different depths, which formed at different time periods, is being partially melted and 
incorporated in the meltwater collected in the terminus area. Thus, scenario 3 is the most likely 
explanation for the AGMW samples' tritiogenic compositions. The observed contrast between 
samples 45 and 46 and that also observed between samples 47 and 48, again, suggests very rapid 
changing local hydrology and conditions.  
In general, the tritiogenic 3He levels in the AGMW samples overlap with those of the 
GrIS samples with AG samples displaying a wider tritiogenic 3He range than GrIS samples [Niu 
et al., 2015]. Unlike two GrIS samples, however, none of the AGMW samples is dominated by 
crustal He, suggesting relatively short water residence times. 4He concentrations suggest that at 
least 71% – 96% of the water is from surface snow or ice melt, with the remainder being 
meltwater from the base of the Columbia Icefield or the AG and/or groundwater that has 
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accumulated 4He over time. Processes such as upward He diffusion are not considered, so the 
fractions of basal melt represent upper limits and may be overestimated. Irrespectively, surface 
melt is likely the primary source for the water discharge from the AG with basal ice melt being a 
secondary source [Arendt, 2015].  
As discussed above, all of the AGMW samples have fractions of crustal He varying 
between 4% and 29%. The presence of a crustal component is also apparent when the decay 
product of tritium background in precipitation of 5 TU [Craig and Lal, 1961; Roether, 1967] is 
excluded from total 3He concentrations assuming complete decay, leading to R/Ra values below 
1 for all samples (Table 3.2). It is therefore possible to derive first-order estimates of AGMW 
ages based on 4Heexc concentrations, together with estimated 4He production rates in basement 
rocks and 4He accumulation rates in water. Production rates of 4He in basement rocks are 
calculated as follows [Ballentine et al., 1991]:  
P (4He)rock = 1.207×10-13 [U] + 2.867×10-14 [Th]  cm3 STP grock-1 yr-1 (3.11) 
where [U] and [Th] represent the U and Th concentrations. U and Th concentrations in the zebra 
dolomite, the dominant lithology under the Columbia Icefield and the AG, are not available and 
the lithology in the surrounding areas is complex, making it difficult to estimate a specific 
average composition for this area. Therefore, U and Th concentrations of average carbonate 
rocks ([U] = 2.2 ppm, [Th] = 1.7 ppm) [Parker, 1967] and those of average upper continental 
crust ([U] = 2.7 ppm, [Th] = 10.5 ppm [Rudnick and Gao, 2005] are used for a first order 
AGMW age estimation. 4He accumulation rates in water, P (4He)H2O, were subsequently 
estimated according to:  
P (4He)H2O = P (4He)rock * ρr * Λ * (1-ω)/ω  cm3 STP cm-3H2O yr-1  (3.12) 
where ρr is the mass density of the rock, assumed to be 2.7 g/ cm3; ω is the porosity of the 
basement rock; Λ, which is the transfer efficiency of 4He from the rock and glacial substrate to 
the water, is assumed to be 1 [Torgersen et al., 1989].  
Effective porosities in carbonate rocks vary between 0.1 and 5% [Croff et al., 2003]. 
Assuming a porosity of 1%, the typical value of effective porosity for carbonate rocks [Croff et 
al., 2003] and average U and Th concentrations of carbonate rocks [Parker, 1967], the average 
water residence time is 140 ± 5 years (standard deviation of the mean) for all samples (Table 
3.3), or 160 ± 5 years without sample 03, which is significantly younger than all other samples.  
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Table 3.3 Water residence times (4He ages) calculated based on 4Heexc assuming porosities of 
0.1%, 1%, and 5% and U and Th concentrations of carbonate rocks and those assuming 
porosities of 2.5% and 5% and U and Th concentrations of the upper continental crust. 4He age 
estimates are in years with 1σ errors in parentheses. U-series ages are in years with 2σ errors in 
parentheses. 
Sample 
Number 
Collection 
Date 
4Heexc 
(10-8 
cm3 g-1) 
+/- 
4He age 4He age 4He age 4He age 4He age 
U-series 
age Carbonates Carbonates Carbonates 
Continental 
Crust 
Continental 
Crust 
ω = 0.1% ω = 1% ω = 5% ω = 2.5% ω = 5% 
03 05/07/11 0.14 0.06 2 (1) 17 (7) 90 (40) 20 (10) 40 (20) 25.7 (5.4) 
16 05/20/11 1.43 0.11 17 (1) 170 (10) 890 (70) 220 (20) 450 (30) - 
38 07/16/11 1.32 0.14 16 (2) 170 (10) 820 (90) 200 (20) 410 (40) 1.7 (1.1) 
42 07/20/11 1.59 0.11 19 (1) 190 (10) 970 (70) 240 (20) 490 (40) 1.1 (0.6) 
45 07/23/11 1.46 0.11 17 (1) 170 (10) 910 (70) 220 (20) 450 (30) 4.9 (2.3) 
46 07/23/11 1.03 0.07 12 (1) 120 (10) 640 (50) 160 (10) 320 (20) 4.9 (2.3) 
47 07/25/11 1.03 0.12 12 (1) 120 (10) 640 (70) 160 (20) 320 (40) 3.3 (4.1) 
48 07/25/11 1.31 0.13 15 (2) 160 (20) 810 (80) 200 (20) 410 (40) 3.3 (4.1) 
Average - - - 14 (1) 140 (5) 720 (20) 180 (10) 360 (10)  
Average 
without 
03 
- - - 15 (1) 160 (5) 810 (30) 200 (10) 410 (10) 
 
 
Water residence times are nearly proportionally overestimated if porosity is overestimated (cf., 
Table 3.3). To discuss the effect of porosity on age estimation, we assume average carbonate 
rocks for the bedrock in the following estimates, and sample 03 is not included when average 
ages are calculated, because of its relative much younger age.  
Lower effective porosity limit in carbonate rocks of 0.1% [Croff et al., 2003] yields an 
average water residence time of 15 ± 1 year and the age of sample 03 is 2 ± 1 years. Based on 
these ages, we can conclude that sample 03 exhibits a consistent 3Hetrit level and 4He age. The 
other samples exhibit average ages between 12 and 19 years, suggesting these samples are a 
mixture of old water which has accumulated crustal 4He and extremely recent water which 
diluted 3Hetrit and 4He dissolved in the old water. Such a low porosity value, however, is highly 
unlikely and is simply representative of a lower limit for reference. If one assumes the highest 
effective porosity limit in carbonate rocks of 5% (Croff et al., 2003), the He based average age is 
810 ± 30 years and that of sample 03 is 90 ± 40 years. As this porosity represents the highest 
effective porosity value in limestone and dolomite, these ages are considered as an upper limit 
for reference. This estimate suggests that all of the AGMW samples are composed of a mix 
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between pre-bomb test era water and extremely young/present time water and point to GMW 
ages from the AG likely of a couple of hundred years on average at most.  
Previous studies have suggested that in aquifer systems, a significant external radiogenic 
4He component is produced in the crystalline basement underneath the sedimentary strata [e.g., 
Torgersen and Ivey, 1985; Castro et al., 1998a, 1998b; Ma et al., 2005, 2009]. At our study site, 
the Precambrian rocks underneath the sedimentary strata are also likely to contribute to the 
radiogenic 4He present in the subglacial meltwater. For comparison, we estimate also an age 
based on the contribution from Precambrian rocks, by using U and Th concentrations of the 
average upper continental crust, which is very similar to that of Archean granites and gneisses 
which are present in the eastern slope of the Canadian Shield [Cameron and Garrels, 1980]. In 
these calculations, we assume porosity average values of 2.5% for dense crystalline rocks and 
5% for fractured crystalline rocks [Domenico and Schwartz, 1998]. Calculations using porosity 
values of 2.5% and 5% lead to average water residence times of 200 ± 10 years and 410 ± 10 
years, respectively, values that are slightly higher than those estimated from carbonate rocks’ 
production but within the same order of magnitude. However, these assumed average porosities 
are total porosities. Effective porosities in the average upper crust are expected to be lower and 
would lead to younger water residence time estimates.  
These estimates indicate that differences between extreme U and Th compositions, i.e., in 
carbonates, highly depleted in Th with respect to the overall upper continental crust affects the 
estimates of water residence times by a factor of about 2. U and Th concentrations, however, are 
not the main parameter impacting He based water residence time estimations; formation porosity 
is with the potential to affect the estimates by a factor of about 50.  
With these estimates, we can conclude with a significant level of confidence that, 
although relatively young, i.e., likely tens to hundreds of years old (Table 3.3), the bulk of our 
AGMW is likely older than the atmospheric bomb-test era and it likely results from a mixture 
between pre-bomb and present time GMW. Measurements on the porosity under the Athabasca 
Glacier are needed to further constrain the values of water residence times and to confirm 
whether the AGMW is older than the bomb-test era or very recent, together with the constraints 
set by 3Hetrit analyses.  
Residence times based on U-series (222Rn, 238U, and 234U/238U) measurements are 
available for a total of 29 days in May and July of 2011 (Arendt, 2015). Only five are listed in 
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Table 3.3 when a sample for noble gas analyses is available. Overall, the age estimates based on 
U-series measurements range from 0 to 30 years, significantly lower than those based on He. 
Additional studies on other tracers are required in order to further constrain the water residence 
times and compare among different techniques. 
 
3.7 Conclusion  
This study uses stable noble gases’ (He, Ne, Ar, Kr, and Xe) concentrations and isotopic 
ratios from the Athabasca Glacier meltwater in an attempt to identify the original source location 
of ice melt and the relative contributions of modern surface melt versus basal ice melt and/or 
groundwater, and to estimate first order water residence times of the GMW resulting from a 
mixture of modern surface and basal melt and/or groundwater. Overall, noble gas concentrations 
and patterns exhibited by AGMW display similar patterns to those of GrIS GMW [Niu et al., 
2015]. Two patterns are apparent, with one group of samples displaying a mass- dependent 
depletion pattern with stronger depletion of the heavier noble gases compared to the lighter ones. 
The second group displays a relative Ne depletion with respect to Ar and, in some cases, with 
respect to Kr and Xe. Ratios of gas concentrations indicate that samples are not in equilibrium 
with the atmosphere at any temperature, and noble gas concentrations should reflect the 
equilibration altitude in the glacial environment as the temperature of water is unlikely to be 
much higher than the freezing point of water. Xe concentrations suggest that all samples 
equilibrated with the atmosphere at altitudes between 2500 m and 3400 m, values compatible 
with the local topography. Over half of the samples display Xe equilibration altitudes above the 
maximum altitude of the AG, suggesting that a significant portion of the current melt- water 
underneath the AG originates from the Columbia Icefield.  
All AGMW samples are largely dominated by surface melt as opposed to basal ice melt. 
Surface melt represents at least 71% – 96% of the total GMW. Basal melt and/or groundwater 
represent at most 4% – 29% of the total GMW. All AGMW samples exhibit tritiogenic 3He 
levels between 0 and 12 TU. Three scenarios could potentially lead to the estimated tritiogenic 
3He levels: (1) AGMW samples are older than the bomb-test era so that they contained solely 
background tritium levels (5 TU) at the time of ice formation; (2) AGMW samples are all 
extremely recent and are representative of present time so the 3H has not yet decayed to the 3He 
levels seen in our samples; (3) AGMW samples represent a mixture of the pre-bomb, bomb, or 
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post-bomb-era water and present day water, the latter having diluted the tritiogenic 3He brought 
by the former component. Given that surface meltwater is routed to the base of the glacier 
through vertical crevasses, it is likely that ice from different depths, which formed at different 
time periods, is being partially melted and incorporated in the meltwater collected in the 
terminus area. Thus, scenario (3) is more likely.  
Calculated AGMW residence times are dependent both on bedrock U and Th 
concentrations and porosity. The latter is the main factor impacting first order groundwater 
residence times. Assuming a typical effective porosity of 1% [Croff et al., 2003] and average U 
and Th composition in carbonate rocks leads to an average AGMW residence time of 160 ± 5 
years with the exclusion of one present day sample. Overall AGMW is likely to result from a 
mixture between pre-bomb and modern GMW.  
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CHAPTER IV 
Noble gas signatures in the Island of Maui, Hawaii: Characterizing 
groundwater sources in fractured systems1 
 
Abstract 
Uneven distribution of rainfall and freshwater scarcity in populated areas in the Island of 
Maui, Hawaii, renders water resources management a challenge in this complex and ill-defined 
hydrological system. A previous study in the Galápagos Islands suggests that noble gas 
temperatures (NGTs) record seasonality in that fractured, rapid infiltration groundwater system 
rather than the commonly observed mean annual air temperature (MAAT) in sedimentary 
systems where infiltration is slower thus, providing information on recharge sources and 
potential flow paths. Here we report noble gas results from the basal aquifer, springs, and 
rainwater in Maui to explore the potential for noble gases in characterizing this type of complex 
fractured hydrologic systems. Most samples display a mass-dependent depletion pattern with 
respect to surface conditions consistent with previous observations both in the Galápagos Islands 
and Michigan rainwater. Basal aquifer and rainwater noble gas patterns are similar and suggest 
direct, fast recharge from precipitation to the basal aquifer. In contrast, multiple springs, 
representative of perched aquifers, display highly variable noble gas concentrations suggesting 
recharge from a variety of sources. The distinct noble gas patterns for the basal aquifer and 
springs suggest that basal and perched aquifers are separate entities. Maui rainwater displays 
high apparent NGTs, incompatible with surface conditions, pointing either to an origin at high 
altitudes with the presence of ice or an ice-like source of undetermined origin. Overall, noble gas 
signatures in Maui reflect the source of recharge rather than the expected altitude/temperature 
relationship commonly observed in sedimentary systems.  
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1Citation: Niu, Y., Castro, M. C., Hall, C. M., Gingerich, S. B., Scholl, M. A., and Warrier, R. B.  
(2017b). Noble gas signatures in the Island of Maui, Hawaii: Characterizing 
groundwater sources in fractured systems. Water Resour. Res., 53, 3599–3614, 
doi:10.1002/2016WR020172. 
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4.1 Introduction 
Volcanic systems and tropical basaltic islands in particular, typically have complex 
internal structures and challenging access, are often poorly characterized with respect to 
groundwater resources and frequently suffer from freshwater scarcity. The Hawaiian Islands and 
Maui in particular have extreme variations in the amounts and spatial distribution of rainfall, 
adding to the freshwater shortage problem in some of the most densely populated areas of the 
island. The State of Hawaii’s Commission on Water Resource Management has been addressing 
far more Maui-related petitions and contested hearings than for any other island in the 
Archipelago [Wallsgrove and Penn, 2012]. Thus, groundwater resource assessments and a 
thorough understanding of the hydrologic system on Maui are urgently needed. Current 
knowledge of groundwater-surface water relationships in the area is limited and calls for a better 
understanding of this complex hydrogeological system so that management of water resources 
can be improved [e.g., Gingerich, 1999a, 1999b; Scholl et al., 2002].  
The study of stable noble gases (He, Ne, Ar, Kr, and Xe) dissolved in groundwater can 
enhance our understanding of surface and groundwater dynamics by providing indications on 
flow paths, connectivity between aquifers, and water residence times [e.g., Andrews, 1985; 
Ballentine et al., 1991; Mazor and Bosch, 1992; Castro et al., 1998a, 1998b, 2000; de Marsily et 
al., 2002; Kulongoski et al., 2003; Patriarche et al., 2004; Castro et al., 2007; Ma et al., 2009; 
Müller et al., 2016]. In addition, noble gases are conservative tracers and their concentrations in 
the recharge areas of groundwater systems are typically considered to be mostly a function of 
temperature, pressure (altitude of recharge area), and excess air (EA). Consequently, noble gas 
temperatures (NGTs) have commonly been regarded as a potentially robust indicator of past 
climate [Stute and Schlosser, 1993; Ballentine and Hall, 1999; Aeschbach-Hertig et al., 2002; 
Kipfer et al., 2002; Castro and Goblet, 2003; Kulongoski et al., 2004; Sun et al., 2010; Castro et 
al., 2012; Aeschbach-Hertig and Solomon, 2013].  
NGTs derived from groundwater are generally assumed to reflect the mean annual air 
temperature (MAAT) and pressure conditions at the base of the aerated zone [Stute and Sonntag, 
1992]. This is one of the key assumptions associated with the application of noble gases in 
paleoclimate reconstructions. Although this assumption has been verified through field 
experiments in sedimentary systems [Klump et al., 2007], it may not hold true in mountain 
groundwater flow systems [e.g., Manning and Solomon, 2003]. Indeed, due to the presence of 
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preferential flow paths in fractured systems leading to rapid infiltration, it is plausible that 
recharge water in these systems might reflect the temperature of the ground surface at the precise 
time of infiltration rather than the MAAT [Warrier et al., 2012], as is commonly assumed in 
sedimentary systems. If this is the case, noble gases in fractured and karstic areas with thin soil 
cover and rapid rainwater infiltration will record seasonality, and thus, should also provide us 
with information about the timing of recharge. Information on recharge sources might also be 
provided in areas with distinct water sources, e.g., local orographic rain and fog versus synoptic-
scale rain, such as on the Island of Maui, if the respective noble gas end-members for these 
sources are known.  
Although groundwater noble gas studies have been systematically conducted in 
sedimentary systems for decades, few studies have been carried out in fractured media. Among 
these are studies in the Yellowstone [e.g., Kennedy et al., 1985, 1988; Gardner et al., 2010] and 
the Cascades Volcanic Arc [James et al., 2000; Saar et al., 2005], the islands of R eunion [Marty 
et al., 1993], Cape Verde [Heilweil et al., 2009, 2012], Azores [Jean-Baptiste et al., 2009], 
Galapagos [Warrier et al., 2012], and the Canary Islands [Marrero-Diaz et al., 2015]. How- ever, 
with the exception of Gardner et al. [2010], Heilweil et al. [2012], and Warrier et al. [2012], 
most studies did not take advantage of information provided by NGTs. The main goal of this 
study is to explore the information noble gases can provide in rapid rainwater infiltration 
systems, i.e., in fractured or karstic groundwater flow environments. Here we assess whether 
NGTs can be applied to these systems to estimate both the location and timing of recharge by 
taking advantage of the temperature dependency of noble gas solubility. In addition, a first 
attempt is made to explore the relative contributions of different water sources, i.e., fog, 
orographic and synoptic-scale rain. For example, measurement of noble gases in a few rainwater 
samples in Israel during the 1970s indicated that rainwater can retain air-saturated water (ASW) 
values acquired in the atmosphere at high altitudes and low temperatures [Mazor, 1972]. More 
recently, Warrier et al. [2013] further suggested that rainwater is not in equilibrium with surface 
conditions and pointed to a potential linkage between the noble gas composition in rainwater and 
distinct weather patterns including the pres- ence or absence of fog. Additional studies are 
needed on both unknown (fog) and poorly understood recharge end-members (e.g., local 
orographic versus synoptic-scale rain), all of which are present on the Island of Maui.  
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4.2 Geologic, Climatologic, and Hydrologic Background  
Maui is the second biggest island of the Hawaiian Archipelago which is located in the 
Pacific Ocean about 4000 km off the coast of California (Figure 4.1). The island is composed of 
two volcanoes, which are mainly basaltic in composition. The smaller and older West Maui 
Volcano [altitude 1764 m; Poland et al., 2014] consists of the Wailuku Basalt, Honolua 
Volcanics, and Lahaina Volcanics. The bigger and younger volcano, Haleakalā (altitude 3055 
m), forms East Maui [Stearns and Macdonald, 1942; West et al., 1987; Bergmanis et al., 2000; 
Poland et al., 2014] with K-Ar ages for the oldest formation of Haleakalā, the Honomanu Basalt, 
ranging from 1.10 ± 0.05 to 0.97 ± 0.04 Ma [Chen et al., 1991]. Radiocarbon ages for the 
youngest eruptions, the Hāna Volcanics, range from 200 ± 15 to 45,000 ± 1,800 years B.P. 
[Bergmanis et al., 2000]. There is no known hydrothermal activity in East Maui at present, 
although there was evidence for low-temperature (24–35°C groundwater) hydrothermal systems 
on the leeward side of West Maui in the 1930s [Kennedy, 1985; Thomas, 1989]. Fercho et al. 
[2015] suggested the possibility of finding a robust hydrothermal system on Maui, but could not 
Figure 4.1 Map of the Island of Maui with approximate sampling locations (Modified 
from Gingerich et al. [1999a] and Scholl et al. [2007]). The square marker in the inset map 
shows the approximate location of Maui relative to the continents.  
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confirm its presence.  
The Hawaiian Islands lie within the tropical trade wind belt and generally have a pleasant 
climate [Sanderson, 1993; Lau and Mink, 2006]. The mean annual air temperature (MAAT) in 
Maui ranges from 24.4°C at Lahaina near sea level (14 m) and 24.2°C at Kahului (14 m) to about 
10°C at the Haleakalā summit [3055 m; Nullet and Sanderson, 1993; 
http://www.ncdc.noaa.gov/qclcd/QCLCD], yielding an average lapse rate in the island of about 
4.7°C/km, the rate at which atmospheric temperature decreases with an increase in altitude. On 
average, annual variation (summer to winter) in air temperatures in Hawaii is about 4–5°C 
[Nullet and Sanderson, 1993]. Average air temperature at Kahului Airport, situated at 16 m 
above sea level (asl) was 23.5°C in spring (March, April, and May) 2005–2013 and 24.2°C in 
spring 2014. The average of daily maxi- mum air temperature in May 2014 was 30.1°C, and in 
the spring seasons between 2005 and 2014, the highest monthly average of daily maximum air 
temperature of 30.6°C occurred in May 2013 (http://www.ncdc. noaa.gov/qclcd/QCLCD).  
Climate on the windward side is dominated by trade winds which blow from the east-northeast 
generally 90% of the days during summer time, and 40–60% of the time in winter months 
[Blumenstock and Price, 1967; Sanderson, 1993; Garza et al., 2012; Wallsgrove and Penn, 
2012]. Trade winds drive the majority of orographic rainfall which occurs mostly on the 
windward side of the islands. Rainfall above 2000 m is mostly from synoptic-scale storms 
[Schroeder, 1993]. On the windward side, the cloud belt extends from 600 to 2500 m 
[Giambelluca and Nullet, 1991; Loope and Giambelluca, 1998; Barnes et al., 2016] with the 
highest rainfall (11 m yr-1) at 1600 m, 3 m yr-1 at 2300 m and <1 m yr-1 at the summit [Loope and 
Giambelluca, 1998; Scholl et al., 2002].  
Orographic rainfall occurs when moist air is lifted along the windward slopes of 
Northeast Maui [Scholl et al., 2002], and it occurs the most at altitudes above 900 m asl 
[Wallsgrove and Penn, 2012]. Leeward areas receive most of their rainfall from winter cold 
fronts and low-pressure cyclonic (Kona) storms. In contrast to orographic rain, these storms tend 
to cover larger areas, but occur less frequently [Wallsgrove and Penn, 2012]. Synoptic-scale rain 
systems may extend several kilometers up into the atmosphere, with lower temperatures and ice 
as part of the precipitation process [Chu et al., 1993; Scholl et al., 2007]. Fog is a prominent 
feature on the windward slope of Northeast Maui and thought to be most frequent between 1000 
m and 1900 m asl [Kitayama and Mueller-Dombois, 1994].  
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A radial drainage system is present in Northeast Maui with a dense network of stream 
valleys from the Haleakalā summit to the ocean [Gingerich, 1999a, 1999b]. Much of this 
drainage system has historically been collected in tunnels and drains and transported to other 
areas of the island for irrigation and municipal use [Gingerich, 1999b; Scholl et al., 2002]. 
Streams tend to be perennial at higher altitudes, but some go dry near the coast where they sink 
into the valley bottom. Streams are fed by springs at higher altitudes, runoff, and base flow, in 
addition to direct rainfall and fog drip [Gingerich et al., 1999b].  
The lower Honomanu Basalt has higher hydraulic conductivity values than the overlying 
Kula Volcanics. Traditionally, the conceptual model was that most groundwater in the Hawaiian 
Islands occurs either as perched high-level water held up by relatively low-permeability units, or 
as freshwater lenses (basal aquifer system) floating on denser, underlying saltwater near sea 
level, or in limited areas, as dike-impounded aquifers [Gingerich, 1999b]. In northeast Maui, 
west of Keanae Valley (Figure 1), rocks beneath the contact between the Kula Volcanics and the 
underlying Honomanu Basalt and above the freshwater lens are thought to be unsaturated 
[Gingerich, 1999b; Scholl et al., 2002], with the basal aquifer system recharged through the 
discontinuous perched high-level water [Gingerich, 1999b]. The question as to whether or not 
high-level aquifers are perched or fully saturated down to sea level remains open. East of Keanae 
Valley, it was concluded that the rocks are saturated to over 600 m asl [Gingerich, 1999a; Scholl 
et al., 2002]. Ground- water recharge occurs directly by infiltration of rainfall and fog drip, 
which results from the impact of cloud droplets on vegetation. Fog was found to be a significant 
component of recharge to the mountain forests of East Maui. High and low altitude springs are a 
common feature of northeast Maui [Stearns and Macdonald, 1942]. Municipal and private 
groundwater wells are present in the basal aquifer and perched aquifers. Groundwater 
withdrawal from the perched aquifers is of concern due to the potential negative impact on 
streamflow.  
 
4.3 Sampling and Analytical Procedures  
A total of 27 water samples were collected at 16 sites on the Island of Maui in June 2014 
for measurement of He, Ne, Ar, Kr, and Xe concentrations and their respective isotopic ratios 
(Figure 4.1 and Table 4.1). These include five wells tapping the basal aquifer, eight springs at 
different altitudes, seven on the windward side and one on the leeward side, as well as three 
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Table 4.1 Sampling location, sample type, measured water temperature, ambient air temperature, 
noble gas concentrations, R/Ra values, Rexc/Ra values, atmospheric He concentrations, 
and ratios of atmospheric He and Ne and their associated errors. Noble gas 
concentrations are presented in cm3 per gram of water at STP. For samples 5a, 5b, 6a, 
6b, 10a, 10b, and 16, atmospheric He concentrations (column “Atm. He 10-8”) are the 
sum of ASW and EA components (Appendix B1). For other samples, atmospheric He 
concentrations are measured total concentrations and are left blank in column “Atm. 
He 10-8”, and a Ne/He ratio is calculated based on measured Ne and He 
concentrations for these samples. Noble gas concentrations in ASW are given for an 
altitude of 0 m and temperatures between 15 and 30°C.
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rainwater samples from three distinct precipitation events. Samples were collected at altitudes 
between sea level and 1300 m asl with collection water temperatures ranging between 15.3 and 
21.7°C.  
Basal aquifer wells were sufficiently purged before sample collection to ensure the 
collection of formation water instead of recent precipitation in the well casing. The purge was 
considered completed when pH and electrical conductivity reached equilibrium. Groundwater 
samples were collected in standard refrigeration grade 3/8” copper tubing and cold-sealed using 
steel pinch-off clamps [Weiss, 1968] after water was allowed to flow through the system for 10 
min. Rainwater was collected on a tarpaulin and transferred to a 0.5 L plastic bottle before being 
transferred to copper tubing in the field. The transfer of rainwater from the tarpaulin to the 
copper tubing took up to approximately 20 min. During this time, we expect that at least partial 
equilibration at surface collection conditions occurred. The noble gas analyses were performed in 
the Noble Gas Laboratory at the University of Michigan. Additional sampling, extraction, and 
purification procedures can be found in Castro et al. [2009] and Wen et al. [2015]. Analysis 
procedures are described briefly below.  
After the extraction and purification phases, noble gases were trapped in a computer-
controlled cryo-separator at 10 K. Subsequently, He, Ne, Ar, Kr, and Xe were sequentially 
released from the cryo-separator at temperatures of 42, 80, 205, 215, and 280 K, respectively, 
and allowed to enter a Thermo Scientific® Helix SFT mass spectrometer. Specifically, at the He 
release temperature, He was introduced into the mass spectrometer and the signal intensity of 
4He is determined for the He concentration estimate. This estimate was then used by the 
automated system to optimize the amount of He introduced for measurement of the 3He/4He 
ratio.  
Complete measurement procedures involve estimating the concentration of each noble 
gas component as well as measuring He, Ne, Ar, Kr, and Xe isotopic ratios. Standard errors for 
concentrations are 1.5%, 1.3%, 1.3%, 1.5%, and 2.2%, respectively. First, a portion of a known 
volume of air was introduced into the molecular sieve section of the extraction system, and all 
noble gases were measured in turn with the mass spectrometer. This calibrated the mass 
spectrometer signal size for each noble gas. Subsequent to the air calibration run, the same 
measurement procedure was performed on a portion of the unknown sample. Except for 3He, 
which was measured using an electron multiplier in ion counting mode, all noble gas isotopes 
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were measured using a Faraday detector.  
 
4.4 Results  
Figure 4.2a displays total noble gas concentrations for all samples normalized to ASW 
values corresponding to measured water temperatures for the basal aquifer and spring samples 
and to atmospheric temperatures for rainwater samples at the time of sample collection and at 
collection altitude (Table 4.1). Figure 4.2b displays the same normalized data except for 
measured He concentrations from which a significant mantle component was removed for 
samples 5a, b, 6a, b, 10a, b, and 16 (Appendix B1). Except for He, all isotopic ratios for all gases 
are atmospheric within a 2-sigma error. In order to highlight processes that control the 
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
C/
C A
SW
(C
oll
ec
tio
nP
oi
nt
)
He Ne Ar Kr Xe
a
Basal Aquifer
Spring
Rain
1a
2
3a
4a
5a
6a
7
8
9a
10a
11a
12a
13a
14
15a
16
0.55
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1.0
1.05
1.1
1.15
1.2
1.25
He Ne Ar Kr Xe
b
Figure 4.2 (a) Total measured noble gas concentrations normalized to ASW at collection 
temperatures (ambient air temperature for rainwater samples and water temperature for basal 
aquifer and spring samples) and altitudes. The solid black line indicates noble gas 
concentrations with no addition or loss of noble gases compared to ASW. Open symbols are 
for the first sample at each site and closed symbols in the same color are for the second 
sample, if applicable. (b) The mantle He component for samples from sites 5, 6, 10, and 16 
are removed from the total He concentrations, and the atmospheric He components are 
normalized to ASW at collection temperatures. The keys are the same in both panels.  
 59 
incorporation of noble gases from the atmosphere, Figure 4.2b displays only the atmospheric 
concentrations for all gases. It is apparent that most samples display depletion of all heavy (Ar, 
Kr, and Xe) noble gases. These deviations from ASW values (C/CASW = 1) suggest that most 
samples were not in equilibrium with the atmosphere under sample collection conditions. Five 
samples, samples 7, 8, 12a, 12b, and 15a exhibit He concentrations corresponding to those of 
ASW values (±1σ), sample 16 displays a He depletion of 10%, while all other samples display 
atmospheric He excesses varying between 2% and 23% with respect to ASW values.  
Ne enrichment in groundwater is generally linked to the presence of air bubbles that become 
incorporated in groundwater due to rapid fluctuations of the water table [Heaton and Vogel, 
1981]. Ten samples are enriched in Ne, four are in equilibrium and 13 are depleted. As expected, 
given that rainwater samples were never below ground and subject to the incorporation of air 
bubbles below the water table, none of the rain- water samples exhibit Ne enrichment. Most 
samples exhibit Ar depletion ranging between 3% and 31%, three samples (9b, and 10a, b) are in 
apparent equilibrium, and sample 6b is enriched by 2%. Most samples display Kr depletions 
ranging between 3% and 26%, while Kr in samples 6b and 10b are apparently equilibrated with 
the atmosphere. Similarly, most samples exhibit Xe depletions ranging between 3% and 34%. 
Sample 6b presents a Xe concentration 3% higher than the ASW value and samples 9b and 10b 
display Xe concentrations in apparent equilibrium with the atmosphere at collection point. For 
most samples, a general mass-dependent pattern, where heavier noble gases are more depleted 
than the lighter ones, is observed. This mass-dependent depletion pattern was previously 
observed in Michigan rainwater and suggested to be linked to weather patterns [Warrier et al., 
2013].  
The origin of the He excesses is constrained through measured R/Ra and estimated 
Rexc/Ra values (Table 4.1), where R is the measured 3He/4He ratio in the samples, Ra is the 
atmospheric ratio and Rexc is the ratio from which the ASW and EA components are excluded 
(Appendix B1). Measured R/Ra values for all spring and basal aquifer samples vary between 
0.93 ± 0.02 (Ohanui well, sample 9b) and 4.37 ± 0.11 (Big Spring, sample 10b), while R/Ra 
values for rainwater samples vary from 0.93 ± 0.01 to 1.03 ± 0.01. The R/Ra values for rainwater 
samples are close to the atmospheric value (R/Ra = 1), while all samples from sites 5, 6, 10, and 
16 register R/Ra values higher than the atmospheric ratio (R/Ra > 1). Most samples yield negative 
Rexc/Ra values or values that are approximately equal to the atmospheric value (Rexc/Ra = 1) 
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within error, indicating that the He is entirely of atmospheric origin. Rexc/Ra values of samples 
from sites 5, 10, and 16 are significantly above 1 (>1σ), the atmospheric value. Samples 6a and 
6b also display concentrations significantly above those of ASW, with Rexc/Ra values above 1, 
despite the significant errors associated with these ratio values. ASW He concentration at 0 m 
and 15°C (Table 4.1) is the maximum He concentration expected for these samples. These 
elevated Rexc/Ra values point to the presence of a significant mantle He component in these basal 
aquifer and spring samples and, in particular, in sample 10 (Big Spring). The He component 
separation and origin of this elevated Rexc/Ra is discussed in detail in the supporting information 
(Appendix B1).  
In addition to He excesses resulting from the presence of a mantle component, sites 5 and 
10 display atmospheric He excesses with respect to ASW. Sample 16, the sole spring sample 
collected on the leeward side exhibits a He depletion level of about 10% following removal of 
the mantle component. It is possible that we may have slightly overestimated the mantle 
component of this sample. The mantle component for samples with R/Ra values significantly 
above 1 was estimated to be the difference between total measured He volume and the sum of 
ASW and EA components fitted in the NGT model (Appendix B1). This sample may have mixed 
with older water carrying a crustal He component (average crustal values for R/Ra vary between 
0.02 and 0.05; O’Nions and Oxburgh [1983]) leading to a low estimated Rexc/Ra ratio.  
It is apparent that samples displaying a clear and significant presence of a mantle He 
component (samples 5, 6, 10, and 16) are all located on the easternmost portion of Maui, both on 
the windward and leeward side of the island, and are all relatively low-elevation groundwater. 
Additional sampling in this area is needed to assess the lateral extent of this mantle He source 
and potential mantle activity. The geology in the area is complex, with the youngest basalt 
formation, the Hāna Volcanics present at or in the vicinity of these sites [Langenheim and 
Clague, 1987].  
 
4.5 Discussion  
4.5.1 Noble Gas Patterns and Possible Origin  
From Figure 4.2b, it is apparent that rainwater samples present atmospheric He excesses 
and a mass- dependent pattern, with greater depletion of the heavier noble gases, characteristics 
previously observed in rainwater in southeast Michigan [Warrier et al., 2013]. Similarly, all basal 
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aquifer samples present atmospheric He excesses. The noble gas patterns yielded by rainwater 
and basal aquifer samples resemble each other, suggesting that the basal aquifer is likely directly 
recharged from rain events, as opposed to being recharged by perched aquifers. In contrast, a 
number of spring samples display the most extreme noble gas concentration values for Ne, Ar, 
Kr, and Xe, both above (e.g., 6b) and below saturation (e.g., 16) for Ne, Ar, and Xe (Figure 
4.2b). In addition, as shown below, except for He, less normalized concentration variability is 
observed among all gases within the same spring sample. This suggests that the spring samples, 
most of which are representative of perched aquifers, are recharged from a variety of distinct 
sources. This type of signature contrasts with that of basal aquifer samples. On the other hand, it 
is likely that the sources of each spring are more localized, leading to more extreme 
concentration variations among all spring samples as compared to those observed in the basal 
aquifer. The observed differences between basal aquifer and spring samples suggest a physical 
separation between most perched aquifers and the basal aquifer or, at least, poor mixing from 
perched aquifers to the basal aquifer. The basal and perched aquifers are thus, likely separate 
entities in the area west of Keanae Valley as suggested earlier by Gingerich [1999a]. Gingerich 
[1999a] also suggested the groundwater system is saturated to over 600 m asl east of Keanae 
Valley. Because only two windward spring samples from the same site are available east of 
Keanae Valley (Big Spring, site 10), it is not possible at this stage to determine the aquifer 
connectivity to the east of Keanae Valley.  
The presence of different sources of water, i.e., high-altitude rainwater and low-altitude 
fog droplets, with different noble gas signatures was previously hypothesized for the island of 
San Cristobal in the Galápagos Archipelago to partially explain the saturation anomaly observed 
in high-altitude springs [Warrier et al., 2012]. There, one group of samples displays a mass-
dependent depletion pattern, with heavier noble gases being more depleted than the lighter ones 
while the other group exhibits a relative Ne depletion with respect to Ar. This Ne-Ar anomaly 
was later observed in rainwater in southeast Michigan [Warrier et al., 2013], and was suggested 
to relate to the presence of fog and weather patterns, e.g., cloud heights and rainfall amount. 
These previous studies point out that the observed noble gas saturation pattern may result from a 
mixture of different end-members as opposed to one specific end-member and this appears to be 
also consistent with our observations on the island of Maui.  
Warrier et al. [2013] further suggested that rainwater in southeast Michigan may 
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originate as ice in the atmosphere at high altitudes, as the rainwater samples exhibit a pattern 
similar to that previously observed in ice [Top et al., 1988; Malone et al., 2010]. Indeed, because 
of their large atomic radii, Ar, Kr, and Xe are highly incompatible with the ice structure and their 
measured concentrations in Antarctic ice are, on average 15%, 11% and 10%, respectively, that 
of ASW at 18.7°C and 0 m [cf., Malone et al., 2010]. On average, Ne in ice is depleted by 4% 
while He is enriched by 50% with respect to ASW at 18.7°C and 0 m [cf., Malone et al., 2010]. 
The temperature of 18.7°C is the average collection water temperature of all samples collected in 
this study. The distinct behaviors of light versus heavy noble gases were hypothesized to explain 
the observed normalized concentration pattern in Michigan rainwater, and might also be 
applicable to the He excess as well as Ar, Kr, and Xe depletion in Maui rainwater samples. As 
Ne solubilities in ice and ASW are similar, this hypothesis may not explain the samples with Ne 
depletions higher than 4%; however, the estimated depletion or excess in this model is dependent 
on the assumed equilibration altitude and temperature, which might cause an estimated Ne 
depletion more severe than what should have been present in ice.  
In order to assess whether some Maui samples might originate as ice or have an ice-like 
signature of undetermined origin and to determine the various degrees of equilibration reached, 
Maui samples (rainwater and basal aquifer, Figure 4.3a; spring samples, Figure 4.3b) are 
compared with average noble gas concentrations of Antarctica ice normalized to ASW values at 
18.7°C and 0 m (solid gray line, Figure 4.3; Malone et al. [2010]) as well as values representing 
different levels of partial equilibration of noble gases with the atmosphere assuming the initial 
composition to be that of Antarctica ice (dashed gray lines, Figure 4.3; Warrier et al. [2013]). By 
“partial equilibration”, we mean a simple linear mixing of gas concentrations between two end-
member components, an ice-like composition [cf., Malone et al., 2010] and ASW. In fact, true 
equilibration is likely to be a complex function of a multitude of factors, including temperature 
dependent diffusion coefficients in air and water for each noble gas. However, such complexities 
are beyond the current scope of this study and we will instead refer to linear mixtures of ice 
patterns with ASW as “partial equilibration”. In Figure 4.3, dashed gray lines represent different 
degrees of partial equilibration. For example, the dashed gray line labeled 10% just above the 
solid gray line, represents the noble gas composition in a mixture of 10% ASW and 90% ice, in 
other words, 10% of the ice has melted and equilibrated with the atmosphere. In contrast, the 
solid black line connecting solid black circles parallel to the horizontal axis represents water  
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Figure 4.3 Saturation patterns of Maui samples compared with partial equilibration of 
ice with the atmosphere [Warrier et al., 2013]. The dashed gray line labeled 10%, 
represents the noble gas composition in a mixture of 10% ASW and 90% ice (mass 
percent), in other words, 10% of the ice has melted and equilibrated with the 
atmosphere. He concentrations of samples with elevated Rexc/Ra (samples 5, 6, 10, and 
16) are not plotted. (a) Maui rainwater and basal aquifer samples; (b) Maui spring 
samples.  
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fully equilibrated with the atmosphere (ASW component). Samples with elevated Rexc/Ra values, 
i.e., samples 5, 6, 10, and 16, do not have He concentrations plotted in Figure 4.3, as their He 
components of non-atmospheric origin would not fit in this binary mixing model.  
From Figure 4.3a, it is apparent that the Maui rainwater samples present a pattern similar 
to that of partially equilibrated ice with degrees of equilibration for Xe between 67% and 83%. If 
Warrier et al. [2013] are correct, this might suggest that some rainwater in Maui possibly starts 
as ice originating at higher altitudes or, alternatively, that it displays an ice-like signature of 
undetermined origin. The freezing altitude in Hawaii was about 5 km in July 1998 and 4.5 km in 
January 1998 [Harris et al., 2000] and as discussed below in detail, these are about the altitudes 
we expect the MAAT to be 0°C, extrapolated from MAATs in the island. Most basal aquifer 
samples exhibit Ar, Kr, and Xe concentrations which are consistent with a partially equilibrated 
ice pattern with samples varying between 76% equilibration and close to equilibrium values. The 
faster infiltration takes place, the greater the expected depletion level. It is also observed that 
overall basal aquifer samples have achieved greater degrees of partial equilibrium for Xe (76–
102%) than rainwater samples (70–85%). This difference in degree of partial equilibrium 
indicates further equilibration may have occurred during infiltration. In contrast, in most 
samples, He and Ne concentrations are above those expected from the ice pattern curve, and 
could be due to the presence of excess air [e.g., Heaton and Vogel, 1981]. Alternatively, the 
presence of a mantle He component for some of these samples cannot be excluded as we were 
unable to determine whether or not a mantle component was present due to the large errors 
associated with the Rexc/Ra calculation of some of these samples (Table 4.1; Appendix B1). 
Overall, basal aquifer and rainwater samples yield similar atmospheric Ne/He ratios within error 
(Table 4.1). Specifically, basal aquifer sample Ne/He ratios vary between 3.54 ± 0.07 (4a) and 
3.97 ± 0.08 (1a and 9b), and rainwater ratios vary between 3.62 ± 0.07 (15b) and 3.89 ± 0.08 
(15a). The similar Ne/He ratios and He excess of basal aquifer and rainwater samples (all 
displaying atmospheric He excesses) suggest a possible direct linkage between the two types of 
samples.  
In contrast to the basal aquifer samples, most spring samples that only contain 
atmospheric He display little or no He excess (Figure 4.3b). Spring samples 2, 7, 8, 12a, and 12b 
(green circles in Figure 4.3b) display He at ASW levels or less than 1% excess concentrations 
within 1σ error, while their Ar, Kr, and Xe concentrations exhibit significant depletion with 
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partial equilibration degrees varying between 66% and 89% (Figure 4.3b). Thus, these spring 
samples display a different pattern to that of rainwater, where most of the rainwater samples 
present 2–10% He excesses. Despite that, the Ne/He ratios for these springs have a range that 
overlaps that of rainwater. These springs are located either west of Keanae Valley or 
immediately in its vicinity (Figure 4.1). Overall, springs 6 and 10 are better equilibrated with 
respect to collection conditions than other springs, with concentrations normalized to ASW of 
Ar, Kr, and Xe deviating from equilibration by less than 8%. As samples from these two springs 
are fairly well equilibrated, they do not provide a possible distal water source. These springs are 
located to the east of Keanae Valley or near it. The different patterns dis- played by the 
windward spring and rainwater samples suggest these springs are not solely recharged by 
rainwater. Springs and their associated perched aquifers are likely to have more localized 
recharge sources than do the basal aquifer samples. It is also likely that the basal aquifer has a 
composite of many distinct source areas and has averaged spatial differences, whereas the 
springs from perched aquifers represent a small subset of recharge paths. Sample 16, the only 
sample collected on the leeward side, is the most depleted of all samples (Figures 4.2 and 4.3b), 
regardless of type. Because of the presence of terrigenic He sources, it is difficult to assess 
whether its atmospheric He component indicates a starting point as ice. The noble gas 
concentrations of sample 16 are consistent with a recharge source starting as ice higher up in the 
atmosphere with the possible addition of a minor terrigenic source with both crustal and mantle 
components (Appendix B1).  
In summary, most windward springs that do not display elevated R/Ra values exhibit 
minimal He excesses and a distinct noble gas concentration pattern from that of the basal aquifer. 
This suggests that springs west of Keanae Valley, which are likely from perched aquifers, are 
largely separated from the basal aquifer, or the mixing/recharge from perched to basal aquifers is 
poor. It is not possible to infer the aquifer connectivity to the east of Keanae Valley due to the 
availability of only one sampling site (spring 10).  
 
4.5.2 Apparent Equilibration Temperatures and Altitudes  
Concentrations of atmospheric noble gases dissolved in water record various physical 
parameters (e.g., temperature, EA, altitude, salinity) at which final equilibration takes place. 
Although concentrations of all atmospheric noble gases dissolved in water decrease with 
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increasing temperature, their sensitivity to temperature increases with increasing atomic mass 
[Mazor, 1972]. Thus, while Xe concentrations are the most sensitive to temperature of 
equilibration, Ne concentrations are the least. When the ambient air pressure is not 1 atm, a 
uniform correction factor is applied to the solubility values at sea level for all noble gases 
[Mazor, 1972]. As the same correction factor for altitude is applied to all noble gases, the Ne/ Xe 
ratios in ASW are independent of altitude and are functions of temperature only. On the other 
hand, 1/Xe depends on both temperature and recharge altitude of equilibration. An increase in 
recharge altitude decreases concentrations of all dissolved noble gases due to a decrease in 
partial pressures of noble gases in the atmosphere. Our Maui data and the expected ASW values 
are compared in Figure 4 in order to place constraints on the possible equilibrium conditions 
indicated by the samples. The idea that Maui rainwater and basal aquifer samples are associated 
with high altitude and low temperatures, with possibly ice formation or at least an ice-like sig- 
nature of undetermined origin is reinforced by looking at the apparent altitudes and NGTs 
displayed in Figure 4.4. Here calculated 1/Xe versus Ne/Xe values for a variety of altitudes (0–
3000 m) and temperatures (10– 40°C) are plotted together with our Maui data. Such a simplified 
comparison with ASW does not account for the addition of the EA component resulting from 
dissolution of small air bubbles due to rapid water table fluctuations [Heaton and Vogel, 1981]. 
Because the presence of Ne in water is particularly indicative of the addition of EA [Herzberg 
and Mazor, 1979; Ozima and Podosek 2002], any addition of EA will move samples to the right-
hand side of the diagram as indicated by arrows in Figure 4.4. Additional arrows illustrate how 
samples would deviate from ASW values if Ne is in equilibrium with the atmosphere while Xe 
concentrations are depleted by 10% from their ASW values. These arrows start from points 
corresponding to ASW values at altitudes of 1000 and 2000 m for temperatures at 15, 20, 25, and 
30°C as well as temperatures at 10, 15, 20, and 25°C, respectively. A 10% Xe depletion results 
in a lower apparent equilibrium altitude of 300 m and an apparent equilibration temperature 4–
5°C higher compared to a situation where Xe is fully equilibrated. More severe Xe depletion 
levels would yield proportionally lower equilibration altitudes and higher temperatures. The 
curved dashed pink line represents expected ASW values assuming a temperature of 31°C at sea 
level and a lapse rate of 4.7°C/km. This temperature was chosen as an upper limit of average 
temperatures observed in Maui. Indeed, the maximum air temperatures in May and June 2014 at 
Kahului Airport (16 m asl) were 30.1 and 30.8°C, respectively. The average maximum air  
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Figure 4.4 Preliminary estimation of equilibration temperatures and altitudes under the 
assumption that both Ne and Xe have equilibrated with surface conditions by comparing 
measured 1/Xe versus Ne/Xe for all Maui samples with theoretical ASW values. Colored solid 
lines indicate ASW values at altitudes between 0 and 3000 m asl, and colored markers indicate 
temperatures between 10 and 40°C. A dashed curved line indicates ASW values for average 
maximum air temperatures in May and June 2014, same as that of May and June 2005–2014. 
Shaded area marks incompatibly high temperatures. EA addition moves samples in the direction 
indicated by arrows. A 10% Xe depletion moves samples in the direction indicated by thin 
arrows originating from ASW values corresponding to temperatures between 10 and 30°C and 
altitudes of 1000 and 2000 m.  
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temperature in summer (June, July, August) 2005–2013 is 30.7°C, similar to that of June 2014. 
From right to left, the curved dashed pink ASW line represents progressively higher Xe 
concentrations (lower 1/Xe values) as altitude increases, which is caused by the decreasing 
temperature with increasing altitude that overwhelms the effect of decreasing partial pressure of 
Xe in air at increasing altitude. This means that, assuming ASW conditions, if a sample has a Xe 
concentration that is lower than the ASW value at its collection point (i.e., higher 1/Xe), it is not 
entirely because the sample originates from a higher altitude, assuming the average lapse rate on 
the island. The zone above the pink line is shaded, indicating apparent equilibration temperatures 
higher than the estimated maximum temperatures in the island. Samples plotting within this zone 
exhibit equilibration temperatures which are not compatible with surface conditions on Maui. 
Given the relative directions of the EA arrows, addition of EA moves a sample to higher 
apparent equilibration temperatures and lower altitudes, but it does not move a sample from the 
non-shaded zone to the shaded zone. In contrast, Xe depletion is the best candidate capable of 
moving a sample into the shaded zone where temperatures are incompatibly high with respect to 
surface conditions observed on the island.  
Overall, samples exhibit apparent equilibration temperatures between 16°C (10b) and 
36°C (15b and 16) and equilibration altitudes below 1500 m asl. Very high apparent 
temperatures (28–36°C) are displayed by Maui rainwater, which results from the significant 
depletion of heavy noble gases in these samples and point to Maui rainwater originating at high 
altitudes or at least displaying an ice-like signature of undetermined origin as a starting point 
[e.g., Warrier et al., 2013]. All of the Maui rainwater samples lie above the line of observed 
maximum temperatures in the area. Assuming the same lapse rate in the atmosphere as that on 
the island (4.7°C/km), the MAAT would decrease to 0°C at an altitude of 5.2 km. This lapse rate 
on the island is lower than the moist adiabatic lapse rate of 6.5°C/km [Wallace and Hobbs, 
2006]. Assuming a lapse rate of 6.5°C/km above the summit of the island, the MAAT would 
decrease to 0°C at an altitude of 4.9 km. Both estimates are close to 5 km asl and this is close to 
the freezing altitude in the area [Harris et al., 2000]. Sample 16 is the only spring sample 
collected on the leeward side of the island, which is known to be recharged mostly through 
synoptic-scale storms [Giambelluca and Schroeder, 1998; Scholl et al., 2007; Giambelluca et al., 
2011], i.e., rain occurring at high altitude and existing as ice during part of its history. Sample 16 
displays the highest apparent equilibration temperature (36°C), which is consistent with recharge 
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by synoptic-scale, rather than local rainfall. This equilibration temperature is higher than or equal 
to those displayed by the windward rainwater samples. Specifically, all rainwater samples exhibit 
apparent equilibration temperatures varying between 28°C (13a) and 36°C (15b), higher than the 
average air temperature in May and June 2005–2014 (25.1°C) at Kahului Airport near sea level 
(16 m; http://www.ncdc.noaa.gov/qclcd/QCLCD). Assuming a lapse rate of 4.7°C/km, the 
average air temperature in June at 1286 m asl, where the highest rainwater sample was collected, 
is about 19.9°C, more than 8°C lower than the apparent equilibration temperature yielded by 
rainwater samples. This clearly indicates that heavy noble gases did not have enough time to 
dissolve in the rain droplets during rainwater formation, subsequent rainfall, and sample 
collection. As recharge occurs at a higher altitude than the collection point, the average air 
temperature is expected to be even lower and the discrepancy between the air temperature at 
recharge and the apparent equilibration temperature is thus larger. Rainwater samples from sites 
11 and 15 exhibit temperatures higher than 31°C, higher than the average maximum air 
temperature in May and June 2005–2014 at Kahului Airport (http://www.ncdc.noaa. 
gov/qclcd/QCLCD), and over 6°C higher than the maximum temperature in June at 1286 m, 
which would be 24.8°C. These incompatibly high apparent equilibration temperatures clearly 
indicate that rainwater was not in equilibrium with the atmosphere at surface conditions or the 
conditions at spring recharge altitudes, which are higher than collection altitudes. Ne and Xe 
concentrations apparently reached their measured concentrations under different conditions.  
As the apparent altitudes are affected by Xe depletion and EA addition, the apparent altitudes are 
certainly lower than the real equilibration altitudes if both Ne and Xe are in equilibrium. Samples 
1b, 4a, 5a, b, 6a, b, and 7 display equilibration altitudes below sea level within 1σ error, and thus, 
below their collection altitudes, suggesting the very likely presence of EA. Samples 1a, b, 3a, b, 
4a, b, 7, and 8 plot between 25 and 30°C, temperatures over the MAAT but below the maximum 
temperature. This suggests that these samples are not recording the MAAT, but they retained the 
noble gas signatures representing high apparent temperatures.  
Most of the basal aquifer samples yielded similar apparent equilibration altitudes, which 
are below sea level, suggesting they are well mixed compared to the springs. Most basal aquifer 
samples exhibit Ne excess with respect to Xe, likely resulting from incorporation of EA. Overall, 
rainwater samples display higher apparent equilibration temperatures than the basal aquifer 
samples, suggesting that here too the basal aquifer is in general better equilibrated with surface 
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conditions. Samples 10a and 10b plot at sea level with a 1σ error of about 350 m, which matches 
their collection altitude of about 200 m asl. Spring samples at sites 6 and 10, with high Xe 
concentrations, exhibit overall lower temperatures than the basal aquifer samples. These springs 
may have accumulated more noble gases because of their relatively low water temperatures and 
they are better equilibrated with the atmosphere than other spring and basal aquifer samples. 
Sample 14 exhibits an apparent equilibration altitude approximately equal to its collection 
altitude and a temperature lower than the local MAAT, which is compatible with surface 
conditions at the time of sample collection.  
In conclusion, most samples yield apparent equilibration temperatures higher than the 
MAAT. Many samples display an addition of Ne resulting from the likely presence of EA and 
possibly a lack of Xe equilibration. All of the rainwater samples exhibit equilibration 
temperatures higher than the estimated MAAT at their collection altitudes, suggesting that they 
started as ice with very low heavy noble gas concentrations, especially Xe. The only leeward 
sample displays a very high equilibration temperature, suggesting that it is consistent with 
groundwater predominantly recharged by synoptic-scale rainfall from altitudes involving ice 
formation.  
As equilibration is not always achieved by all gases, it is also useful to examine measured 
concentrations of Ar and Kr, in addition to Ne and Xe. Figure 4.5 shows Ar, Kr, and Xe 
concentrations versus Ne concentrations for all Maui samples together with Michigan rainwater 
samples [Warrier et al., 2013]. Expected ASW noble gas patterns for different altitudes, from sea 
level up to 5 km asl, as well as corresponding MAAT using sea level temperatures of 22.4, 24.4, 
and 26.4°C with a lapse rate of 4.7°C/km are also plotted. In addition, noble gas concentrations 
for ice from Lake Vida, Antarctica [Malone et al., 2010] are plotted. It is apparent that samples 
do not follow any of the expected theoretical curves for ASW values. Instead, samples fall along 
a linear pattern roughly between two likely end-members. One end-member appears to be 
represented by ice [Malone et al., 2010]. The addition of EA moves water samples and ice 
samples in the directions indicated by the arrows in plots a, b, and c. Therefore, the ice samples 
with lower noble gas concentrations are very likely to have less EA (e.g., air bubbles) and are 
closer to the pure ice or ice-like end-member. The other end-member of the Maui samples is 
likely an ASW component with the possible addition of a highly enriched mantle He component 
(Appendix B1) of which samples 10 (Big Spring; Rexc/Ra = 6.89 ± 0.30 [10a] or 8.49 ± 0.38  
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Figure 4.5 Comparison of atmospheric Ar, Kr, and Xe versus atmospheric Ne concentrations 
for Maui samples, together with southeast Michigan rainwater [Warrier et al., 2013] and 
Antarctica ice [Malone et al., 2010]. The normalized noble gas concentrations in ice are 
corrected for the difference in altitude between Lake Vida (340 m asl) and the likely altitude 
above Maui where MAAT drops to 0°C (5 km asl). (a) Ar versus Ne, (b) Kr versus Ne, and (c) 
Xe versus Ne. Colored curve lines indicate ASW values between sea level and 5 km asl and 
corresponding air temperature with a lapse rate of 4.7°C/km and temperatures of 22.4, 24.4, and 
26.4°C at sea level. A least square regression line is shown for all Maui and Michigan rainwater 
samples. (d) Ar versus Ne, (e) Kr versus Ne, and (f) Xe versus Ne. (d–f) Zoom-in views of the 
corresponding plot in left column, displaying the samples relative to the ASW curves.  
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[10b]) and 6 (Ohia Spring; Rexc/Ra = 9.90 ± 6.31 [6a]) are the most representative. Indeed, these 
samples appear, by far, to be the ones having reached the highest level of equilibration with air at 
the collection point altitude and measured water temperature, as previously shown in Figures 3 
and 4. However, the temperature and altitude of this ASW component cannot be well determined 
at this stage. Nonetheless, the lowest collection water temperature in this study is that of spring 
10 at 15.3°C. A least squares regression line for all Maui as well as Michigan rainwater samples 
is shown in Figures 4.5a, b, and c. Indeed, Michigan rainwater samples [Warrier et al., 2013], 
like Maui samples, do not follow an ASW pattern as expected and appear to also fall along a 
mixing line between two end-members, one represented by ice, the other by an undetermined 
ASW component. Zoom-in views of the samples are shown in the right column for the 
corresponding panel in the left column. It can be observed that some Michigan rainwater samples 
display more extreme depletion levels of the heavy noble gases as compared to Maui samples 
and thus, further approach the ice end-member. With respect to Maui samples, the closest 
samples to this end-member are the most depleted rainwater samples (11a, b) and the only spring 
sample collected on the leeward side (sample 16, Figure 4.5f). The leeward spring receives most 
of its recharge from synoptic- scale systems, so it is likely representative of groundwater 
predominantly from precipitation that involved ice formation. The noble gas signature of the 
leeward spring is consistent with that of the most depleted Michigan rainwater samples [nr3-1 
and nr3-2; Warrier et al., 2013] which were collected during the passage of a mesoscale 
convective complex. The similarity in noble gas concentrations suggests the likelihood of a 
common origin of source and mechanism of the noble gas characteristics in the Maui rainwater, 
leeward spring, and Michigan rainwater.  
Noble gas signatures of Maui rainwater samples overlap with that of a few spring samples in the 
linear array. This array suggests that the rainwater is continuously evolving toward equilibrium 
with the atmosphere as rain droplets form and fall. However, this cannot exclude the possibility 
of mixing with an ASW component at low temperatures for the perched and basal aquifer 
samples.  
As previously mentioned, the other end of the spectrum is represented by spring samples 
that display a mantle He end-member with an R/Ra value of 8–8.5 (Appendix B1). Overall, 
springs 6 and 10 have the highest Ne and Xe measured concentrations of all samples and this is 
still consistent with the presence of mantle He in these springs. Basal aquifer samples plot in the 
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middle of the array, while spring samples display both extremely high and low noble gas 
concentrations. This is possibly because, as mentioned earlier, springs are recharged by more 
diverse and localized sources than the basal aquifer.  
 
4.6 Conclusion  
Results of noble gas analyses are presented from samples collected in springs, 
groundwater wells (basal aquifer), and rainwater on the windward side of northeast Maui. One 
spring sample was also collected on the leeward side. Most samples present atmospheric He 
excesses and a mass-dependent depletion pattern, with a greater depletion of the heavier noble 
gases, characteristics previously observed in spring water from the Galápagos Islands [Warrier et 
al., 2012] and rainwater in southeast Michigan [Warrier et al., 2013]. These patterns resemble 
those previously observed in ice [Top et al., 1988; Malone et al., 2010]. So far, this noble gas 
pattern has only been observed in fractured groundwater systems and it has been hypothesized 
that it is due to rapid infiltration of rainwater that prevents equilibration of noble gases with the 
atmosphere. Noble gas patterns yielded by rainwater and basal aquifer samples resemble each 
other and suggest that the basal aquifer is directly recharged from rain events as opposed to being 
recharged by perched aquifers. In contrast, a number of spring samples display the most extreme 
noble gas concentration values for Ne, Ar, Kr, and Xe, suggesting that the spring samples, most 
of which are representative of perched aquifers, are recharged from a variety of distinct sources. 
The observed differences between basal aquifer and spring samples suggest a physical separation 
between most perched aquifers and the basal aquifer or, at least, poor mixing/recharge from 
perched aquifers to the basal aquifer. The basal and perched aquifers are thus, likely separate 
entities in the area west of Keanae Valley as suggested earlier by Gingerich [1999a]. 
Connectivity between perched and basal aquifers east of Keanae Valley cannot be assessed due 
to the limited number of sites sampled in this area.  
The easternmost spring and well sites on both windward and leeward sides of the island 
yield samples with a significant mantle He component and a few point to an almost pristine 
mantle Mid-Ocean Ridge Basalt (MORB) type signature.  
From an analysis of Ne and Xe concentrations, it is clear that samples exhibit a wide 
range of apparent equilibration temperatures, between 16 and 36°C, and equilibration altitudes 
below 1500 m asl. Maui rainwater displays very high apparent equilibration temperatures (28–
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36°C), incompatible with surface conditions. These result from the significant depletion of the 
heavy noble gases in these samples and point to Maui rainwater originating either at high 
altitudes or at least displaying an ice-like signature of undetermined origin [e.g., Warrier et al., 
2013]. The only spring sample collected on the leeward side of the island, which is known to be 
recharged mostly through synoptic-scale storms, i.e., rain occurring at high altitude and existing 
as ice during part of its history, displays the highest apparent equilibration temperature (~36°C), 
consistent with an ice signature [Malone et al., 2010].  
Based on Ne, Ar, Kr, and Xe concentrations, it is apparent that samples do not follow the 
expected theoretical curves for ASW values as commonly observed in sedimentary systems. 
Instead, samples fall along a linear pattern representing mixing between two likely end-members. 
One end-member is represented by an ice-like composition and displays a signature approaching 
that of ice [Malone et al., 2010]. The other end- member is likely an ASW component with the 
possible addition of a MORB-type mantle He component. Overall, it is apparent that in fractured, 
rapid infiltration systems, noble gases are providing information not on expected recharge 
altitudes and temperatures, as is the case of sedimentary systems where infiltration is slower, but 
instead, on recharge sources. Noble gases also appear to provide clues on connectivity between 
different types of aquifers. Further studies in fractured areas are needed to access the potential of 
noble gases in providing seasonality information as well as understanding the exact nature of the 
ice-like pattern. Development of new tracers in fracture groundwater systems is critical to 
improve knowledge of these complex hydrologic systems.  
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CHAPTER V 
Noble gases and water stable isotope signatures in the Island of Maui, Hawaii: 
Characterization of groundwater sources1 
 
Abstract 
  
A noble gas pilot study in the Island of Maui based on water samples collected from 
wells tapping the basal aquifer, springs from perched aquifers, and rainwater in June 2014 
suggests that noble gases in rainwater and groundwater samples fall on a linear pattern between 
air-saturated water (ASW) and an ice-like end-member, rather than reflecting the mean annual 
air temperature (MAAT) as commonly observed in sedimentary systems (Niu et al., 2017b). The 
study presented here is a follow-up of Niu et al. (2017b), based on both the results from 2014 and 
a new sampling campaign in February 2016 also from the basal and perched aquifers as well as 
rainwater. This study assesses whether temporal variations are recorded in noble gases and water 
stable isotopes and explores the combined use of these two tracers to estimate the location and 
timing of recharge. In addition, groundwater ages based on tritium measurements from basal 
aquifer samples as well as a rainwater sample collected in 2014 are presented. 
Noble gas signatures in basal aquifer samples are similar in both sampling campaigns, while 
rainwater and spring samples display temporal variations in noble gases. This is consistent with 
previous findings that the basal aquifer is recharged by more homogenized sources while springs 
are recharged by more diverse sources. He depletion with respect to ASW was observed in some 
2016 rainwater and spring samples, but not in 2014. Overall, the 2016 samples exhibit greater 
deuterium excesses than those of 2014, an observation consistent with the drier climate during 
the strong 2015–2016 El Niño. Three 2016 rainwater samples display the highest deuterium 
excesses of all samples. Water source altitudes based on Ne for rainwater samples range from 0.1 
to 3 km, while those for groundwater samples range from -0.5 to 2.4 km, possibly biased low due 
to the presence of excess air. Water source altitudes estimated based on δ18O for most 
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groundwater samples range from 1.5 to 5.5 km. Source altitudes of the basal aquifer samples are 
higher than about half of the spring samples, consistent with the notion that basal aquifer is 
predominantly recharged by high altitude rain events, including synoptic-scale rain, while 
springs are recharged mostly by orographic precipitation. Tritium/3He ages of basal aquifer 
samples range from 14 ± 6 years to 47 ± 14 years, while spring samples yield ages ranging from 
zero to 15 ± 3 years. Older ages of the basal aquifer are consistent with lower sensitivity to 
seasonal variations in this aquifer compared to perched aquifers. Perched aquifers’ young ages 
likely allow for the observed variations in noble gases and stable isotopes in spring samples 
between 2014 and 2016. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
_________________ 
1To be submitted to Water Resources Research.
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5.1 Introduction 
Previous studies in fractured groundwater systems and rainwater [Warrier et al., 2012; 
2013] suggest that noble gas temperatures (NGTs) reflect the temperature of the air at ground 
level at the time of rainwater infiltration rather than the mean annual air temperature (MAAT). 
This is in contrast with sedimentary systems, where NGTs are commonly assumed to reflect the 
MAAT and have been routinely used as paleothermometers [e.g., Stute and Schlosser, 1993; 
Ballentine and Hall, 1999; Kipfer et al., 2002; Castro and Goblet, 2003; Kulongoski et al., 2004; 
Sun et al., 2010; Castro et al., 2012; Aeschbach-Hertig and Solomon, 2013]. This indicates that 
NGTs in fractured areas may record seasonality and information on the location and timing of 
recharge [Warrier et al., 2012]. This is potentially very useful for fractured volcanic islands, 
which are typically poorly characterized with respect to groundwater resources and suffer from 
freshwater scarcity because of their complex internal structures [e.g., Whittier et al., 2010; Kelly 
and Glenn, 2015; Swarzenski et al., 2017]. The Island of Maui has particularly extreme 
variations in rainfall both temporally and spatially [e.g., Loope and Giambelluca, 1998], 
suffering from freshwater shortage in some of the most densely populated areas of the island. 
Developing a new NGT application that can constrain the location and timing of recharge can 
potentially lead to a better understanding of these fractured groundwater flow systems in the 
island. This, in turn, could lead to improved water resource management, which is urgently 
needed in the State of Hawaii in general and Maui in particular [Gingerich, 1999a; 1999b; 2004; 
Scholl et al., 2002].  
The first comprehensive noble gas study of the hydrological system in the Island of Maui 
was carried out in June of 2014 [Niu et al., 2017b]. This study included water samples collected 
from wells tapping the basal aquifer, springs from perched aquifers, as well as rainwater. It was 
aimed at improving our understanding of the applicability of NGTs in fractured, rapid infiltration 
systems and more specifically, at assessing connectivity between aquifers in the Island of Maui 
[Niu et al., 2017b]. This noble gas study revealed that concentrations in all rainwater and 
groundwater samples were in disequilibrium with the atmosphere at collection conditions and 
were not representative of the MAAT, findings similar to those reported by Warrier et al. [2012] 
in the basal aquifer and springs of the fractured, volcanic Galápagos Islands system. Niu et al. 
[2017b] further showed that noble gas concentrations in rainwater and the basal aquifer are 
consistent with mixing between ice-like and air-saturated water (ASW) end-members, an 
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indication that the basal aquifer is likely mostly recharged directly by rainwater. Spring and basal 
aquifer samples in Maui display distinct noble gas patterns, pointing to distinct recharge sources 
for the basal and perched aquifers and further suggesting that these two aquifer types are separate 
entities, as previously suggested by Gingerich [1999a]. Noble gas signatures in spring samples 
also suggest that perched aquifers are recharged by a diversity of sources [Niu et al., 2017b]. 
Among these sources, fog is a significant component accounting for ~37% of total precipitation 
on the windward side of Maui and ~46% on the leeward side [Scholl et al., 2007].  
This study is a follow-up of our pilot noble gas study in Maui [Niu et al., 2017b] and 
aims at further exploring the information noble gases can provide in rapid rainwater infiltration 
systems. In particular, it assesses whether temporal variations are recorded in noble gas 
signatures and how NGTs can be applied to these systems to estimate the location and timing of 
recharge by taking advantage of the temperature and pressure dependency of noble gases in 
water. Estimating water source altitudes is possible because it was shown that rainwater can 
retain concentrations acquired in the atmosphere at high altitudes and is still in disequilibrium 
with the atmosphere at the collection points. This has now been shown in very distinct locations 
around the world, first in Israel [Mazor, 1972] and more recently in southeast Michigan [Warrier 
et al., 2013] and Maui [Niu et al., 2017b]. 
In addition to noble gases, this study is complemented by the analysis of stable isotopes 
of water (δD and δ18O) in an attempt to further constrain the location and timing of recharge. 
Studies of stable isotopes of the water have been carried out in oceanic islands across the globe 
to study the stable isotopic signature of cloud water [Scholl et al., 2002; 2007], rainfall and 
groundwater circulation in the volcanic structure of Tahiti-Nui [Hildenbrand et al., 2005], 
orographic precipitation effects on the isotopic composition of precipitations in Sicily [Liotta et 
al., 2006], subtropical humidity dynamics in the Island of Hawaii [Galewsky et al., 2007], as 
well as stable isotope amount effect and partitioning of cloud water in montane forests in Puerto 
Rico [Scholl et al., 2009; 2011]. This study uses δD and δ18O to help constrain water sources and 
altitudes of the source water for rainwater and groundwater in Maui, and to explore the potential 
of the combined use of noble gases and stable isotopes at further constraining the water sources 
and recharge regime in these systems. 
This study is also complemented by estimating water residence times for the basal aquifer 
and springs using tritium measurements and excess 3He estimates. Preservation of seasonality is 
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dependent on short groundwater residence times among other factors [e.g., Stute and Schlosser, 
1993; Thoma et al., 2011]. Water samples for tritium analysis were collected in our pilot study in 
June 2014 [cf. Niu et al., 2017b] from the basal aquifer and rainwater. Results show that the 
contrast in the estimated water ages in the basal aquifer and springs is consistent with the finding 
that seasonality in noble gases is less apparent in the basal aquifer than in the springs.  
 
5.2 Geologic, Climatologic, and Hydrologic Background 
Maui is the second largest island of the Hawaiian Archipelago, located in the Pacific 
Ocean about 4000 km off the coast of California (Figure 5.1). The island is composed of two 
volcanoes, mainly basaltic in composition. The volcano in West Maui (altitude 1764 m) is 
smaller and older than Haleakala (altitude 3055 m), which forms East Maui [Stearns and 
Macdonald, 1942; West et al., 1987; Bergmanis et al., 2000; Poland et al., 2014]. Ages of the 
oldest formation of Haleakalā range from 1.10 ± 0.05 to 0.97 ± 0.04 Ma [Chen et al., 1991], and 
those of the youngest eruptions range from 200 ± 15 to 45,000 ± 1800 years B.P. [Bergmanis et 
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80 
al., 2000]. The presence of a robust hydrothermal system on Maui was suggested by Fercho et al. 
[2015], but could not be confirmed. 
The Hawaiian Islands lie within the tropical trade wind belt [Sanderson, 1993; Lau and 
Mink, 2006]. The MAAT in Maui ranges from 24.4°C at Lahaina near sea level (14 m) and 
24.2°C at Kahului (14 m) to 10°C at the Haleakala summit (3055 m; Nullet and Sanderson, 
1993; http://www.ncdc.noaa.gov/qclcd/QCLCD). On average, annual variation (summer to 
winter) in air temperatures in Hawaii is about 4 – 5°C [Nullet and Sanderson, 1993]. 
Climate on the windward side is dominated by trade winds from the east-northeast ~90% 
of the time in summer and 40–60% of the time in winter months [Blumenstock and Price, 1967; 
Sanderson, 1993; Garza et al., 2012; Wallsgrove and Penn, 2012]. Trade winds drive the 
majority of orographic rainfall, which occurs mostly on the windward side of the islands of 
Northeast Maui [Scholl et al., 2002]. On the windward side, the cloud belt extends from an 
elevation of 0.6 km to 2.5 km [Giambelluca and Nullet, 1991; Loope and Giambelluca, 1998; 
Barnes et al., 2016], with the highest rainfall (11 m yr-1) at 1.6 km, ~3 m yr-1 at 2.3 km and <1 m 
yr-1 at the summit [Loope and Giambelluca, 1998; Scholl et al., 2002]. Most orographic rain 
occurs at elevations between 0.9 and 2 km asl, and rainfall above 2 km is mostly from synoptic-
scale storms [Schroeder, 1993; Wallsgrove and Penn, 2012]. Fog is a prominent feature on the 
windward side of Northeast Maui and thought to be most frequent between 1 and 1.9 km asl 
[Kitayama and Mueller-Dombois, 1994], roughly the elevations where orographic rain occurs the 
most. Leeward areas receive most of their rainfall from winter cold fronts and low-pressure 
cyclonic (Kona) storms. In contrast to orographic rain, these storms tend to cover larger areas, 
but occur less frequently [Wallsgrove and Penn, 2012]. Synoptic-scale rain systems may extend 
several kilometers up into the atmosphere, with lower temperatures and ice as part of the 
precipitation process [Chu et al., 1993; Scholl et al., 2007].  
The 2015–2016 El Niño was one of the three strongest since 1950, tied with those of 
1982–1983 and 1997–1998, based on monthly peak sea surface temperature anomalies [Huang et 
al., 2016]. According to the monthly precipitation measurements at eight stations in our study 
area, the 2015–2016 winter season (December 2015, January and February 2016) saw 
precipitation about 2 to 9 times lower than the corresponding months in 2013 – 2015 
[http://www.ncdc.noaa.gov/qclcd/QCLCD]. 
A radial drainage system is present in Northeast Maui with a dense network of stream 
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valleys from the Haleakala summit to the ocean [Gingerich, 1999a; 1999b], overlapping with our 
study area. Streams tend to be perennial at higher altitudes, but some go dry near the coast where 
they sink into the valley bottom. Streams are fed by springs at higher altitudes, runoff, and base 
flow, in addition to direct rainfall and fog drip [Gingerich et al., 1999b]. Traditionally, the 
conceptual model was that most groundwater in the Hawaiian Islands occurs either as perched 
high-level water held up by relatively low-permeability units, or as dike-impounded aquifers in 
limited areas, or as freshwater lenses (basal aquifer system) floating on denser, underlying 
saltwater near sea level [Gingerich, 1999b]. In northeast Maui, west of Keanae Valley (Figure 
5.1), rocks beneath the contact between the Kula Volcanics and the underlying Honomanu Basalt 
and above the freshwater lens are thought to be unsaturated [Gingerich, 1999b; Scholl et al., 
2002], with the basal aquifer system recharged through the discontinuous perched high-level 
water [Gingerich, 1999b]. Although it is still unclear whether the high level aquifers are perched 
or fully saturated down to sea level, the most recent findings suggest that perched aquifers are 
not connected to the basal aquifer in Maui [Niu et al., 2017b]. Similar conclusions were reached 
in the Island of Hawaii, where some high-level confining layers block connections between 
perched aquifers and the basal aquifer, and form preferential flow paths from near the ground 
surface directly into the ocean [Thomas et al., 2017]. 
 
5.3 Sampling and Analytical Procedures 
Thirty-two water samples were collected at 20 sites on the Island of Maui in February 
2016 for measurement of He, Ne, Ar, Kr, and Xe concentrations and their respective isotopic 
ratios (Figure 5.1; Table 5.1). These include six wells tapping the basal aquifer, nine springs at 
different altitudes, six on the windward side and three on the leeward side, as well as five 
precipitation events. Samples were collected at altitudes between sea level and 1.9 km asl with 
collection water temperatures ranging between 11.3 and 21.5°C. Samples for analyses of stable 
isotopes of water (δD and δ18O) were collected at all sites as well as during rain events both in 
June 2014 and February 2016 (Table 5.2). Water samples for analysis of tritium concentration 
were collected in June 2014 for a rain event in Waikamoi as well as all wells except the 
Kaupakalua well (Table 5.3). 
Basal aquifer wells were purged before sample collection to ensure that water within the 
well casing, which could have equilibrated with the atmosphere, was entirely removed. 
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Groundwater samples were collected in ~14 cm3 standard refrigeration grade 3/8” copper tubing 
and cold-sealed using steel pinch-off clamps [Weiss, 1968] after water was allowed to flow 
through the system for ~10 min. Rainwater was collected on a tarpaulin and transferred to a 0.5 
L plastic bottle before being transferred to copper tubing in the field. The transfer of rainwater 
from the tarpaulin to the copper tubing took up to 20 min, except for sample #20, which took ~40 
min. During this time, we expect that at least partial equilibration of noble gases at surface 
collection conditions occurred, and sample #20 is expected to achieve a higher degree of partial 
equilibration because of its longer collection time. 
Noble gas analyses were carried out in the Noble Gas Laboratory at the University of 
Michigan. Analysis procedures are described briefly here. After extraction and purification, He 
and Ne are sequentially allowed to enter a Thermo Scientific® Helix SFT mass spectrometer 
while Ar, Kr and Xe are sequentially allowed into an ARGUS VI mass spectrometer using a 
computer-controlled double-head cryo-separator. He and Ne are pumped at ~10K into the low 
temperature chamber of the cryo-separator while Ar, Kr, and Xe are pumped at 104K into the 
high temperature chamber. The temperatures of both chambers are subsequently increased 
sequentially to release He, Ne, Ar, Kr, and Xe at temperatures of 49K, 84K, 210K, 245K, and 
290K, respectively. Complete measurement procedures involve estimating the concentration of 
each noble gas component as well as measuring isotopic ratios. Standard errors for 
concentrations are 1.5%, 1.3%, 1.3%, 1.5%, and 2.2%, respectively. Additional sampling, 
extraction, and purification procedures can be found in Wen et al. [2016].  
During both sampling seasons (June 2014 and February 2016) water samples for δD and 
δ18O analyses were collected in 20-mL glass bottles with polyethylene seal caps and analyzed at 
the University of Michigan. Samples collected in 2014 were analyzed in the Stable Isotope 
Laboratory. Oxygen isotopic composition was analyzed using a Finnigan Gas Bench II coupled 
to the inlet of a Finnigan Delta V Plus mass spectrometer using continuous flow applications. 
Standard errors are ~0.12‰ based on VSMOW/VSLAP calibration [Nelson, 2000a; 2000b].  
Hydrogen isotopic composition was determined via a Fignnigan H-Device coupled to a Finnigan 
Delta V Plus mass spectrometer with dual inlet. Standard errors are ~1.2‰, based on USGS 
standards 45, 46, 47, and 48, and VSMOW/VSLAP calibration [Nelson and Dettman, 2001]. 
Samples collected in 2016 were analyzed in the Climate Change Laboratory in a Picarro L2120-i 
Cavity Ringdown Spectrometer with an integrated A0211 high precision vaporizer and
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autosampler. Standard errors are ~0.1‰ for δ18O and ~0.4‰ for δD. Details on the analysis 
procedure can be found in Fiorella et al. [2015].  
Samples for tritium analyses were collected in ~40 cm3 standard refrigeration grade 3/8” 
copper tubing and cold-sealed using steel pinch-off clamps [Weiss, 1968], same as that for noble 
gas analyses. Analyses of tritium concentration were carried out at the Bremen Mass 
Spectrometric Facility following procedures in Sültenfuß et al. [2009].  
 
5.4 Results and Discussion 
5.4.1 Noble gas concentrations and isotopic ratios 
Noble gas concentrations normalized to ASW values at collection altitude and water 
temperature for samples from basal and perched aquifers and air temperature for rainwater 
samples are displayed in Figure 5.2 for both sampling seasons, i.e., June 2014 [Niu et al., 2017b] 
and February 2016 (this study). It is apparent that most samples collected in both years display a 
mass-dependent depletion pattern, with concentrations of the heavier noble gases (Ar, Kr, and 
Xe) being less enriched or more severely depleted than those of the lighter noble gases (He and 
Ne) with respect to ASW values. Some patterns are, however, distinct for 2014 and 2016. While 
Figure 5.2 Total measured noble gas concentrations normalized to ASW at collection 
temperatures (ambient air temperature for rainwater samples and water temperature for 
basal aquifer and spring samples) and altitudes in both years for (a) basal aquifer, (b) 
springs, and (c) rainwater samples. The solid black line indicates noble gas 
concentrations with no addition or loss of noble gases compared to ASW. 
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basal aquifer samples display overall similar noble gas signatures in both years with He excesses 
up to 27% and Xe depletions up to 30% (Figure 5.2a), the same does not hold true for spring and 
rainwater samples. The most striking differences are found in rainwater with most 2016 samples 
being significantly more depleted than 2014 samples for all gases. In addition, while all of the 
2014 rainwater samples display ASW He concentrations or He excesses, some of the 2016 
samples display He depletions up to 15%, a signature not observed in 2014 (Figure 5.2b). The 
same holds true for spring samples (Figure 5.2c). Although it seems that the 2016 rainwater 
sample with highest Xe concentration (sample 20; Figure 5.2b) exhibits noble gas concentrations 
comparable to those in 2014, this sample took about twice the normal collection time to be 
collected. Therefore, it is expected that this sample has achieved a higher level of partial 
equilibration with the atmosphere than most other rainwater samples. With the exception of 
sample 20, it is apparent that rainwater noble gas concentrations in 2016 are overall significantly 
lower than those of 2014, indicating that noble gases in rainwater indeed record temporal 
variations caused by ambient temperature and pressure conditions. 
Before discussing the measured He concentrations in all types of samples, it is useful to 
discuss the contributions of non-atmospheric components to the observed He excesses. The 
origin of the He excesses is constrained through measured R/Ra and estimated Rexc/Ra values 
(Table 5.1), where R is the measured 3He/4He ratio in the samples, Ra is the atmospheric ratio 
(1.384 × 10-6; Clarke et al., 1976) and Rexc is the ratio from which the ASW and excess air (EA) 
components are excluded (cf., Appendix C1). The EA component results from air bubbles 
incorporated in groundwater due to rapid fluctuations of the water table [Heaton and Vogel, 
1981]. Rexc/Ra provides the isotopic ratio of He excess that results either from crustal production 
or from the mantle as discussed in Text S1. Measured R/Ra values for all spring and basal aquifer 
samples vary between 0.92 ± 0.01 (Keanae Spring, sample 11a) and 2.19 ± 0.11 (Keanae Well 2, 
sample 10a), while R/Ra values for rainwater samples vary from 0.96 ± 0.02 to 1.04 ± 0.02, close 
to the atmospheric value (R/Ra = 1) within a 2σ error. All basal aquifer samples from sites 9, 10, 
12, and 15 yield R/Ra values higher than the atmospheric ratio (R/Ra > 1), which are 
undistinguishable from corresponding values measured in 2014. These correspond to mantle He 
excesses which contribute between 13% and 18% of the total He concentrations measured in in 
both Keanae wells (sites 9 and 10), and ~1% – 8% of those from sites 12 and 15. Sample 11a 
yields an R/Ra value of 0.923 ± 0.014, lower than 1, and is expected to have a crustal He 
86 
component (average crustal values for R/Ra vary between 0.02 and 0.05; O’Nions and Oxburgh, 
1983). However, it was not possible to estimate the Rexc/Ra value following the method discussed 
in Appendix C1, due to a negative estimated concentration of non-atmospheric He. Assuming a 
binary mixing between crustal and atmospheric He components and an R/Ra of 0.02 for the 
crustal end-member, it is estimated that crustal He contributes to ~8% of the total He 
concentration. The He component separation and origin of Rexc/Ra values are discussed in detail 
in Appendix C1.  
He excesses and severe depletion in heavy noble gases in rainwater samples from 2014 
were hypothesized to result from an ice-like signature and thus associated to synoptic-scale 
events. However, most rainwater samples collected in 2016 and thus, during the strong 2015–
2016 El Niño period, present He depletions, a feature inconsistent with an ice-like signature. 
This is further discussed below. Ne concentrations in rainwater samples are 2% to 19% lower 
than ASW values, while Ar, Kr, and Xe in rainwater samples display more severe depletions, 
10% to 34%, 13% to 40%, and 12% to 45% lower than the ASW values, respectively. In 
contrast, Ne concentrations in basal aquifer and spring samples from 2016 do not show a 
consistent pattern when compared with ASW. Five basal aquifer samples from 2016 display Ne 
excesses up to 18%, three basal aquifer samples and ten spring samples display Ne depletion up 
to 14%, and three basal aquifer samples and four spring samples display ASW Ne concentrations 
within 1σ errors. Ne excess in groundwater is generally linked to the presence of an EA 
component. Similar to rainwater samples, all basal aquifer samples and most spring samples 
from 2016 exhibit Ar, Kr, and Xe concentrations lower than ASW values, with depletion values 
ranging between 4% – 25%, 6% – 28%, and 5% – 35%, respectively. One spring (Figure 5.2b) 
from 2016 displays an Ar excess of 7% and Kr and Xe concentrations equal to ASW values. It is 
possible that this sample has a significant amount of excess air, which might explain its higher 
normalized Ne, Ar, Kr, and Xe concentrations compared to all other spring samples. 
 Figure 5.3 compares measured noble gas concentrations in 2016 with those from the 
same sites in 2014 for samples collected at the same sites on both sampling campaigns from the 
basal and perched aquifers. Because samples from well #10 were not collected in 2014, these are 
compared with those from well #9 in 2014 due to spatial proximity. Leeward springs #16 and 
#17 collected in 2016 only are compared with the only sample collected on the leeward side in 
2014, spring #15. Overall, most basal aquifer samples lie close to the 1:1 line pointing to similar 
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concentrations in both years, consistent with findings displayed in Figure 5.2a, in which all 
samples are compared with their respective ASW noble gas concentrations. This suggests that, 
unlike rainwater, the basal aquifer does not preserve a record of seasonality in absolute noble gas 
concentrations, nor in level of equilibration with the atmosphere (concentrations normalized to 
ASW). These results are also consistent with ages calculated based on tritium concentrations 
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Figure 5.3 Total measured noble gas concentrations in 2016 normalized to samples 
from the same site or the closest site in 2014. The solid black line indicates noble 
gas concentrations being the same in both sampling seasons. 
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measured in the basal aquifer, discussed below. In contrast, spring samples display significantly 
higher variations in measured concentrations than the basal aquifer, the highest variation being 
~30%. In particular, all of the leeward springs in 2016 display Ne, Ar, Kr, and Xe concentrations 
in excess relative to 2014, with excesses ranging between 10% and 30%. Sample #15 also 
displays He concentrations in excess relative to 2014. He concentrations of samples #16 and #17 
are not compared to that of sample #15. This is because sample #15 (Mokulau spring) has 
terrigenic He contributions (up to 10% of total He; Niu et al., 2017b) while samples #16 and #17 
lack these extra He sources. All three leeward springs display similar noble gas concentrations, 
indicating that they are likely recharged by more homogenized sources, with little variation 
between different sites on the leeward side. Most (three) windward springs display the opposite 
behavior of leeward springs, with 2016 noble gas concentrations being depleted with respect to 
2014 while spring #13 displays normalized Ne, Ar, and Kr concentrations above all leeward 
springs. Windward springs display greater concentration variations among all samples, with 
highest and lowest normalized values with respect to 2014, an indication that windward springs 
are recharged by more diverse water sources than the leeward side of the island. These findings 
reinforce those presented by Niu et al. [2017b].  It is interesting to note that the only windward 
spring (site 13) that has higher noble gas concentrations in 2016 is the one with highest 
concentrations when normalized to ASW (Figure 5.2). These high concentrations might result 
from the presence of EA when air bubbles are incorporated due to significant water level 
variations during intense recharge periods. This reinforces the conclusion that local hydrology 
and recharge water sources are more diverse for windward springs than those for leeward 
springs. 
In addition to concentrations, noble gas isotopic ratios can point to the occurrence of 
microscopic processes and help constrain noble gas sources. For example, Ar isotopic ratios of 
samples collected in 2016 show that noble gases were in the process of diffusing into raindrops 
at the time of collection. Figure 5.4 displays measured 40Ar/36Ar ratios versus 38Ar/36Ar ratios for 
these samples together with the expected mass-dependent fractionation line under disequilibrium 
conditions. It is apparent that all samples fall along an array close to the mass-dependent 
fractionation line, with both 40Ar/36Ar and 38Ar/36Ar ratios lower than the corresponding 
atmospheric values for most samples. This shows that the lighter isotopes are enriched in 
comparison to heavier ones, and that all samples are in disequilibrium with the atmosphere at the 
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collection point, as also observed with noble gas concentrations (Figure 5.2). Overall, rainwater 
samples exhibit Ar isotopic ratios similar to those displayed by basal aquifer and spring samples 
with one rainwater sample displaying the lowest Ar isotopic ratios (farthest away from 
atmospheric values) indicating the greatest depletion of the heavy isotopes and thus, the greatest 
disequilibrium compared to ASW. It is also interesting to point out that rainwater sample #20, 
which required by far the longest time to be collected and thus, the rainwater sample with the 
longest time available to equilibrate with the atmosphere, is also the one displaying the highest 
Ar isotopic ratios, i.e., the values the closest to atmospheric values indicating that time 
availability to equilibrate with the atmosphere will determine both isotopic ratios and 
concentrations of all samples. With the exception of this sample, it is apparent that rainwater 
samples represent the lower end in Ar isotopic ratio values in the array shown in Figure 5.4. As 
time goes by, the rainwater achieves a higher degree of partial equilibration. Similarly, the basal 
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aquifer and spring samples display Ar isotopic ratios closer to the atmospheric values than 
rainwater, which represents one of the water sources.  
As most samples yield Ar isotopic ratios close to the mass-dependent fractionation line, 
measured 38Ar/36Ar and 40Ar/36Ar ratios may be used as a measure of the degree of partial 
equilibration. In Figs. 5a and 5b, measured 38Ar/36Ar and 40Ar/36Ar ratios, respectively, are 
plotted against their Ar concentrations normalized to expected ASW values (cf. Figure 5.2). 
0.1873
0.1874
0.1875
0.1876
0.1877
0.1878
0.1879
0.188
0.1881
0.1882
M
ea
su
re
d
38
A
r/
36
A
r
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1.0 1.05 1.1
Rainwater
Basal Aquifer
Spring
293.0
293.5
294.0
294.5
295.0
295.5
M
ea
su
re
d
40
A
r/
36
A
r
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1.0 1.05 1.1
Sample Ar Conc./ASW Ar Conc.
Rainwater
Basal Aquifer
Springb
a
Figure 5.5 Measured Ar isotopic ratios versus Ar concentration 
normalized to ASW: (a) 38Ar/36Ar, (b) 40Ar/36Ar.  
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Overall, higher Ar concentrations correlate to higher measured 38Ar/36Ar and 40Ar/36Ar ratios, 
although the points are rather scattered. If a best-fitting line were to be drawn for all samples in 
either plot, the R2 would be ~0.1 for Figure 5.5a and ~0.25 for Figure 5.5b. These low R2 values 
indicate that although a correlation between Ar concentration and isotopic ratios might be 
possible, the relation is not linear. Further investigation is needed to fully understand noble gas 
behaviors in diffusion processes in both rain droplets and in groundwater reservoirs. 
In summary, basal aquifer samples yield similar noble gas patterns in both sampling 
campaigns, while rainwater and spring samples display seasonal variations in noble gases, which 
may also be a reflection of the strong El Niño year during the 2016 sampling campaign. Leeward 
springs yield higher noble gas concentrations in 2016 while most windward springs yield lower 
concentrations. He depletion was observed in a subset of rainwater and spring samples collected 
during the 2015–2016 El Niño. To our knowledge, this is the first time that He depletion is 
observed in rainwater. Ar isotopic ratios of all samples seem to be consistent with a diffusion 
process where Ar diffuses from air into rain droplets and groundwater reservoirs. Ar isotopic 
ratios possibly correlate with total Ar concentration, but the relation is not yet clear. 
 
5.4.2 Stable isotopes 
Figure 5.6 displays measured δD versus δ18O for all samples collected in both 2014 and 
2016 (Table 5.2), compared with five Maui fog samples collected between 1.2 and 2 km asl 
[Scholl et al., 2002; 2007]. It is relevant to point out that the collection time for each fog sample 
by Scholl et al. [2002; 2007] was at least a week. Also represented is the global meteoric water 
line (GMWL; Craig, 1961). All samples from both sampling campaigns have higher deuterium 
excesses when compared to the GMWL, ranging from 13‰ to 29‰, where deuterium excess, 
denoted by d, is defined as: 
d = δD – 8 * δ18O 
[Dansgaard, 1964]. Overall, the 2016 samples have greater deuterium excesses (17‰ to 29‰) 
than those of 2014 (13‰ to 20‰). Deuterium excess averages about 10‰ on a global basis, but 
varies regionally due to variations in humidity during kinetic evaporation from the ocean surface 
[Clark & Fritz, 1997]. Deuterium excess increases as humidity decreases [Merlivat and Jouzel, 
1979]. The observed higher deuterium excess values in 2016 are consistent with the drier El 
Niño climate of 2016 [Huang et al., 2016; http://www.ncdc.noaa.gov/qclcd/QCLCD, 2017].  
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Table 5.2 Measure δ18O and δD and calculated deuterium excess and their associated errors for 
all samples from both years. Site numbers with the number 14 hyphenated after them refer to 
sites numbers in 2014 [Niu et al., 2017b]. Stable isotope samples collected at rain events #4 in 
2016 were lost during transportation. 
 
Sample 
Type and 
Number 
June 2014 February 2016 
δ18O 
 (±1σ) 
δD 
 (±1σ) 
d (δD-8* δ18O) 
(±1σ) 
δ18O 
 (±1σ) 
δD 
 (±1σ) 
d (δD-8* δ18O) 
(±1σ) 
Well             
5 -5.38 (0.05) -29.68 (0.77) 13.36 (0.78) -5.64 (0.07) -24.44 (0.43) 20.68 (0.47) 
6 -3.70 (0.05) -11.69 (1.1) 17.91 (1.1) -3.80 (0.05) -8.53  (0.41) 21.87 (0.43) 
7 -4.01 (0.04) -16.66 (0.74) 15.42 (0.75) -4.41 (0.06) -14.09 (0.13) 21.19 (0.21) 
8 -3.40 (0.05) -8.26 (0.33) 18.94 (0.36) -3.45 (0.05) -5.01 (0.15) 22.59 (0.21) 
9 -4.56 (0.04) -19.75 (0.9) 16.73 (0.91) -4.77 (0.03) -16.11 (0.33) 22.05 (0.34) 
10 - -   -5.04 (0.06) -17.88 (0.13) 22.44 (0.21) 
Spring             
1 -4.96 (0.07) -24.22 (0.16) 15.46 (0.25) -5.17 (0.06) -22.33 (0.50) 19.03 (0.53) 
2 - -   -6.96 (0.08) -34.49 (0.53) 21.19 (0.58) 
11 -2.99 (0.04) -6.33 (0.39) 17.59 (0.41) -3.04 (0.04) -6.85 (0.30) 17.47 (0.32) 
12 -4.21 (0.04) -15.73 (0.36) 17.95 (0.38) -4.28  (0.04) -13.95 (0.25) 20.29 (0.27) 
13 -3.35 (0.05) -6.61 (0.74) 20.19 (0.75) -3.17  (0.05) -5.19 (0.21) 20.17 (0.25) 
14 - -   -3.69 (0.05) -7.48 (0.21) 22.04 (0.25) 
15 -4.28 (0.07) -17.66 (0.64) 16.58 (0.67) -3.99 (0.05) -14.31 (0.25) 17.61 (0.29) 
16 - -   -2.89 (0.10) -4.74 (0.28) 18.38 (0.40) 
17 - -   -2.74 (0.05) -3.64 (0.16) 18.28 (0.21) 
8-14 -3.20 (0.08) -6.83 (0.53) 18.77 (0.58) - -   
10-14 -4.99 (0.05) -20.35 (0.31) 19.57 (0.34) - -  14-14 -3.45 (0.06) -7.55 (0.23) 20.05 (0.29) - -   
Rain             
18 - -   -0.2 (0.06) 15.28 (0.23) 16.88 (0.29) 
19 - -   -3.26 (0.10) 0.89 (0.70) 26.97 (0.75) 
20 - -   -3.44 (0.09) 1.03 (0.52) 28.55 (0.58) 
21 - -   -3.6 (0.06) -1.02 (0.87) 27.78 (0.89) 
11-14 -2.54 (0.06) -3.53 (0.21) 16.79 (0.27) - -  13-14 -3.29 (0.05) -6.82 (0.29) 19.50 (0.32) - -   
15-14 -1.41 (0.06) 5.86 (0.31) 17.14 (0.35) - -   
 
 
Three 2016 rainwater samples are outliers and display significantly higher deuterium excesses 
(27‰ – 29‰) compared to all other samples. Overall, the fog samples are similar to the two 
rainwater samples collected in 2014 at altitudes of ~1.2 km asl, and are more enriched in heavy 
isotopes than most groundwater samples. The best fitting line (red dashed line, Figure 5.6) for all 
samples except the three rainwater outlier samples has a slope of 7.64, very close to that of the 
GMWL. In general, rainwater samples from both years are isotopically the heaviest, with one 
rainwater sample from each year being heavier than all of the basal aquifer and spring samples. 
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These rainwater samples are representative of the heavy end-member of sources contributing to 
both basal and perched aquifers. These two rainwater samples (#18 and #15-14) were collected 
near sea level (0 – 0.1 km asl) and it is expected that their δ18O values are higher than the other 
rainwater samples, which were collected 1.1 – 1.4 km asl. Indeed, δD and δ18O values in 
precipitation decrease with decreasing MAAT and increasing altitude. The depletion of 18O 
Figure 5.6 Measured δD plotted against δ18O for all samples in both years, compared 
with the global meteoric water line (GMWL) and fog samples in Maui [Scholl et al., 
2002; 2007]. A best fitting line (δD = 7.64 * δ18O + 17.50, R2 = 0.95) for all samples 
except three rainwater samples farthest away from the GMWL is shown. 
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varies between -1‰ and -5‰ per km rise in altitude, and this gradient depends on local 
topography, proximity to surface water sources, etc. [Clark and Fritz, 1997]. Overall, the basal 
aquifer samples yield similar δD and δ18O values as the spring samples in both years. The spring 
sample from the highest collection altitude (~1.9 km; site #2) is the lightest, as expected, with a 
δD value of -34.49‰ and a δ18O value of -6.96‰. All of the basal aquifer samples from 2014 
yield lower δD values than corresponding samples collected from the same well in 2016. The 
differences in δD in basal aquifer samples vary between 2.6‰ and 5.2‰. Only one spring 
sample (#15, Mokulau spring) displays an increase in δD within this range (3.4‰ higher in 2016 
than in 2014), while three other springs display smaller increases, ranging between 1.4 and 
1.9‰. Different from all other groundwater samples, spring #11 has a δD value 0.5‰ lower in 
2016 than in 2014.  
In summary, δD values increased from the collection season in 2014 to that in 2016 in all 
basal sample sites and four out of the five springs. On the other hand, all basal samples have 
δ18O values lower than or approximately equal to those from the same sites in 2014, the values in 
2016 being 0.05‰ – 0.4‰ lower than those in 2014. Spring samples do not show a consistent 
pattern in changes in δ18O values between two collection seasons, with decrease of up to 0.2‰ or 
increase of up to 0.3‰ from 2014, consistent with the notion that springs are mainly recharged 
by localized and diverse sources. Overall, samples from wells tapping the basal aquifer yield 
lower δ18O and higher δD values in 2016, while samples from springs do not display a specific 
trend. This suggests that the drier climate in Maui during the 2015–2016 El Niño may have 
affected water stable isotopic composition and the dissolved noble gas concentrations in different 
ways. 
Figure 5.7 displays calculated deuterium-excess plotted against measured δ18O for all 
samples collected in both years (triangles corresponding to 2014, circles to 2016). It is apparent 
that three rainwater samples in 2016 yield d values (27‰ – 29‰) significantly higher than all 
other samples (13‰ – 23‰). This may be due to the drier environment in February 2016 caused 
by the strong 2015–2016 El Niño [Liotta et al., 2006; Huang et al., 2016]. Indeed, Liotta et al. 
[2006] suggested that water droplets in orographic clouds may not have enough time to 
equilibrate with surrounding vapor and since orographic rain represents the first condensation of 
marine water vapor, it is expected to have a high deuterium excess. This likely accounts for the 
different d values observed in the two rainwater samples in 2014 and three rainwater samples in  
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Figure 5.7 Calculated deuterium excess plotted against measured δ18O for all samples in 
both years, compared with fog samples in Maui [Scholl et al., 2002; 2007]. 
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2016, all of which were collected at altitudes between 1.1 and 1.4 km. The 2014 rainwater 
samples displayed an ice-like noble gas signature [Niu et al., 2017b], which would suggest rain 
originating at altitudes higher than orographic rain. In contrast, the 2016 rainwater samples do 
not exhibit an ice-like noble gas concentration pattern due to He depletion and might be 
representative of orographic rain. This is consistent with the stable isotope pattern exhibited by 
three 2016 rainwater samples that suggest an orographic rain signature. A combined dataset of 
noble gas and water stable isotopes appears to have the potential to aid in further constraining 
original water sources to groundwater reservoirs. 
Overall, the 2016 basal aquifer samples display deuterium excesses ranging between 
20.7‰ and 22.6‰, while most spring samples and 2014 basal samples yield deuterium excesses 
significantly lower, with values ranging between 15.5‰ and 20.3‰, with only one 2016 spring 
(#14) yielding δ18O (-3.69‰) and d (22.1‰) values similar to those of 2016 basal samples. It is 
possible that the three rainwater samples with the highest deuterium excesses are representative 
of the orographic rain end-member of the water sources of the basal aquifer. The addition of 
rainwater with high d values causes the increase in basal aquifer’s d values and points to a 
dominant, direct precipitation source as previously suggested by Niu et al. [2017b]. Five fog 
samples display d values between 14 and 20 [Scholl et al., 2002; 2007], close to the lower half of 
the d value spectrum of our Maui samples. Most of the groundwater samples from Maui display 
d values consistent with mixing between fog and rainwater with high d values. It should be noted 
that collection time for fog samples was at least a week [Scholl et al., 2002; 2007], likely 
allowing for some level of equilibration with the atmosphere under different climatic conditions 
over this time period.  
In summary, the samples collected in 2016 yield overall higher deuterium excesses than 
those collected in 2014, all of which displaying higher deuterium excesses than the GMWL. 
Three 2016 rainwater samples are outliers and display the highest deuterium excesses of all the 
samples, and this may be due to the lack of equilibrium with surrounding vapor when water 
droplets form in orographic clouds.  
 
5.4.3 Estimation of water source altitudes 
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 As discussed above, both atmospheric noble gas concentrations and stable isotopic 
compositions are affected by the source altitude of the precipitation sources. In this section, we 
explore how to use both datasets to derive information on water source altitudes. 
 
5.4.3.1 Water source altitudes based on Ne concentration 
 Although concentrations of all noble gases dissolved in water are affected by ambient 
pressure and temperature, He and Ne concentrations are minimally temperature-dependent 
[Mazor, 1972; Benson and Krause, 1976]. When clouds form and precipitation occurs, the lapse 
rate in the clouds and the surrounding atmosphere will be affected by condensation processes in 
the clouds. Estimating these lapse rates are difficult and beyond the scope of this study, but is 
required for the heavier noble gases (Ar, Kr, and Xe), as their concentrations in water are highly 
temperature-dependent. This renders, in principle, He and Ne potential proxies to estimate water 
source altitudes. However, He concentrations in groundwater are prone to mixing with terrigenic 
He sources, rendering it less desirable as an altitude proxy than Ne. In particular, it was shown 
that a significant mantle component is clearly present in some of the Maui groundwater samples, 
of which R/Ra values are significantly over 1 (this study, Table 5.1 and Appendix C1; Niu et al., 
2017b). In addition, it was hypothesized that He concentrations may be affected by an ice-like 
signature [Niu et al., 2017b]. Thus, Ne is the best candidate for a proxy for water source 
altitudes. For this estimation, a temperature of 15°C, close to the median water temperature at 
collection point, is assumed. Under this assumption, the ASW Ne concentration is only 
dependent on ambient pressure or altitude. For each sample’s Ne concentration, an altitude can 
thus be estimated following Ballentine and Hall [1999]. Figure 5.8 shows estimated altitudes 
based on Ne plotted against collection altitudes. The solid line represents Ne altitudes that are 
equal to collection altitudes. All of the rainwater samples yield Ne altitudes above their 
collection altitudes, with estimates between 0.8 and 2.9 km. As trade wind orographic clouds are 
typically limited to altitudes 0.6 – 2.4 km [Giambelluca and Nullet, 1991], the two estimated 
altitudes ~2.9 km are unlikely for orographic rain events. It is possible that these two rainwater 
samples result from mixing of clouds at different altitudes, and this calls for more studies to 
further test this Ne altitude proxy. All basal aquifer samples’ Ne altitude range between -0.1 and 
1.1 km. Eighteen out of 26 spring samples yield Ne altitudes are between -0.5 and 1.3 km, close  
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Figure 5.8 Estimated water source altitude based on Ne concentration versus 
collection altitude for all samples in both years. Source altitudes are estimated based 
on each sample’s measured Ne concentration and assuming equilibration at 15°C. The 
solid line indicates equal values on both axes. 
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to the basal aquifer sample’s altitude range, while eight spring samples yield estimates ranging 
between 1.7 and 2.4 km. Overall, rainwater samples collected at higher altitudes yield higher 
estimated source altitude. Similarly, most groundwater samples display Ne altitudes higher than 
their collection altitudes, and higher collection altitude correlate with higher Ne altitudes. 
However, some groundwater samples yield Ne altitudes lower than their collection altitudes, in 
particular, Ne altitude estimates that are below sea level, as mentioned above. This is likely due 
to EA, which biases groundwater’s estimated altitudes low but it is unlikely to affect rainwater’s 
estimates. It should be noted that once rain droplets exit the clouds, noble gases continue to 
diffuse into the water droplets, as differences between noble gases dissolved in water and ASW 
noble gas compositions persist. Therefore, these Ne altitude estimates are a means to provide 
constraints on the lower limit of the water source altitudes. For rainwater samples, the altitude 
estimates are expected to constrain the cloud’s altitude, and for groundwater samples, the 
estimates constrain recharge altitudes. However, again, these Ne altitudes correspond to a 
minimum. Recharge altitudes for both spring and basal water are likely significantly higher than 
those reported here. This represents a first attempt to use Ne as an altitude proxy and it is thus an 
exploratory exercise. More studies are needed to further constrain the physical parameters like 
equilibration temperature, lapse rate, and EA, in order to use atmospheric noble gases to 
reconstruct equilibration altitude.  
 
5.4.3.2 Water source altitude based on stable isotopes 
Figure 5.9 displays water source altitudes based on δ18O, estimated by assuming a 
starting point of δ18O = 0 at sea level. Altitudes are based on two δ18O gradients. The lower line, 
indicating minimum possible altitudes, is bounded by the average of five fog samples in Maui 
[Scholl et al., 2002; 2007] that yielded a gradient value of -1.8‰ / km, which happens to be the 
same value in Sicily, Italy, in the Mediterranean [Liotta et al., 2006]. The upper line, providing 
an upper altitude value, is based on a δ18O gradient of -1‰ / km, the lowest value observed 
across the globe [Clark, 1987; Clark & Fritz, 1997]. This model assumes a linear relationship 
between water source altitude and the δ18O value found in a sample.  
Based on the two possible δ18O gradients, source altitudes for most groundwater samples 
range between ~1.5 and 5.5 km asl with the highest spring sample likely originating between 4 
and 7 km asl. Basal aquifer samples exhibit estimated water source altitudes between 1.9 and 3.1  
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Figure 5.9 Estimated water source altitude based on δ18O versus measured δ18O for all 
samples in both years. The lower line assumes an average δ18O gradient bounded by fog 
samples in Maui [Scholl et al., 2002; 2007]. The upper line assumes the lowest gradient 
observed across the globe [Clark, 1987; Clark & Fritz, 1997]. 
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km. In contrast, eight spring samples exhibit estimated source altitudes between 2.1 and 2.9 km 
while eight other spring samples yield elevations between 1.5 and 1.9 km. Sample #2 from the 
Polipoli spring at 1.9 km asl yield an estimated elevation of  ~4 km. Overall, about half of the 
spring samples yield similar source altitudes as the basal samples, while about half of the springs 
yield much lower water source altitudes than the basal samples. This corroborates with the 
observation in both sampling seasons that spring samples display more diverse noble gas 
concentration patterns, representing more diverse water sources, while the basal aquifer likely 
receives water from more homogenous sources. Although the estimated source altitudes for basal 
aquifer samples (1.9 – 3.1 km) are lower than the typical altitudes where synoptic-scale events 
occur, the possibility of mixing between synoptic-scale rain from higher altitudes and orographic 
rain from lower altitudes cannot be excluded. If the contrast between estimated source altitudes 
of the basal aquifer and half of the spring samples is because of mixing between different 
fractions of synoptic-scale and orographic precipitation, this is consistent with the notion that the 
basal aquifer is predominantly recharged by synoptic-scale precipitation while springs are 
recharged by more localized orographic rain.  
In Figure 5.10, the source altitude estimates based on both Ne concentration and δ18O 
values assuming a gradient of -1.8‰ / km are plotted against each other, with a black solid line 
showing equal values on both axes. The red dotted line in Figure 5.9 represents the best fitting 
line of all rainwater samples. Overall, estimates for rainwater based on the two sets of data agree 
with each other far better than those for the basal aquifer and spring samples, with an R2 value of 
0.60 for all of the rainwater samples and a slope of ~0.7. This best fitting line suggests that for 
source altitudes around 2.5 km asl, the two estimates agree very well. The estimated source 
altitudes of rainwater samples from the two methods range between 0.1 and 3 km, roughly the 
same altitude range of the island (0–3.1 km asl). The mixing between synoptic-scale rain and 
orographic precipitation inevitably leads to lower estimated source altitude for the synoptic-scale 
rain end-member, which originates above the island, i.e., from altitudes higher than 3 km asl. 
However, it is not possible to quantify this mixing effect at this point. Most basal aquifer and 
spring samples yield δ18O altitudes higher than their respective Ne altitudes. This is partially 
because Ne altitudes of groundwater can be biased to low values due to the presence of EA, as 
discussed in section 4.3.1. Thus, the presence of EA and possible equilibration with the 
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atmosphere over time appear to be the limiting factor when it comes to the use of Ne as a tracer 
of source altitudes. 
 
5.4.4 Tritium/3He ages (groundwater residence times) 
The noble gas and stable isotope analyses record seasonal climatic signals for all samples, 
except for noble gases in the basal aquifer. Preservation of seasonality is dependent on short 
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Figure 5.10 Estimated source altitude based on Ne concentration (cf. Figure 5.8) and that 
based on δ18O values assuming a gradient of -1.8‰ / km (cf. Figure 5.9) are plotted against 
each other. The best fitting line for all rainwater samples is expressed by y = 0.6882*x + 
0.7771, where x and y denote the altitude estimates based on δ18O and Ne concentration, 
respectively. 
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groundwater residence times among other factors [e.g., Stute and Schlosser, 1993; Thoma et al., 
2011]. Below, we provide an estimate of groundwater residence times for both basal aquifer and 
spring samples based on the presence of tritiogenic 3He (3Hetrit), which results from decay of 
natural tritium. Overall, we conclude that spring samples display relatively young ages while the 
basal aquifer display older ages, which might explain why a seasonal noble gas signature is less 
obvious in the basal aquifer.  
As pointed out by Warrier et al. [2012] in a study of the basal aquifer and springs in the 
Galápagos Islands, the basal aquifer samples are more prone to mixing of mantle He, which 
renders the estimation of 3Hetrit more difficult and inaccurate than those of the spring samples. 
Therefore, Warrier et al. (2012) opted not to make such estimation for the basal aquifer samples. 
In this study, however, tritium measurements are available for four wells tapping the basal 
aquifer (Pookela, site #5, Haiku, site #7, Ohanui, site #8, and Keanae, site #9; Figure 5.1) and a 
rain event at Waikamoi, site #14, which were collected in June 2014 (Table 5.3; Figure 5.1). 
Below, we present apparent tritium/3He age estimates for basal aquifer samples in 2014 using 
measured tritium concentrations when available, and age estimations using assumed tritium 
concentrations for the basal aquifer and spring samples when measured tritium concentrations 
are not available. 
As mentioned above, basal aquifer samples are prone to mixing of mantle He, as is 
observed in selected wells in Maui in both sampling campaigns. In addition, because the 
atmospheric He and Ne components in these basal aquifer samples may be affected by an ice-
like end-member, the methods used for 3Hetrit estimation [Jenkins, 1987; Schlosser et al., 1989] 
are subject to larger errors in these samples. Therefore, it is of interest to start with the 
assumption that all 4He is of atmospheric origin and that all excess 3He is tritiogenic and 
gradually refine the assumptions concerning EA and mantle He components to assess how each 
assumption affects the estimated tritium age for samples that are not well equilibrated with the 
atmosphere. 
An apparent tritium/3He age can be calculated for each sample as follows [Jenkins, 1987; 
Schlosser et al., 1988]: 
 [ !"! ]!"#! = 4.021 ∗ 10!" ∗ [!!! ∗ ! !! − 1 ∗ !! +  !"! ∗ !! ∗ (1− !)]            (5.1) 
and 
τ = T1/2 / ln2 * ln(1 + [3He]trit/[3H])          (5.2) 
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Table 5.3 Apparent tritium/3He ages calculated based on measured tritium concentrations for 
basal aquifer samples collected in June 2014 and on assumed tritium concentrations for basal 
aquifer and spring samples collected in 2016. All excess 3He is assumed to be tritiogenic and EA 
is assumed to be zero. Measured tritium concentrations of samples collected from four wells 
tapping the basal aquifer and a rain event in 2014 are listed in the fourth column. 	
Sample R/Ra  (±1σ) 
3Heexc (TU) 
(±1σ) 
Tritium 
(TU) (±1σ) 
Age 
(years) 
(±1σ)  
Sample R/Ra  (±1σ) 
3Heexc (TU) 
(±1σ) 
Assumed 
Tritium 
(TU) (±1σ) 
Age 
(years) 
(±1σ)  
2014 
Basal      
2016  
Basal     
Pookela-1 1.04 (0.01) 1.37 (0.33) 0.11 (0.09) 47 (14) Pookela 1.02 (0.01) 0.88 (0.32) 0.10 (0.08) 42 (14) 
Pookela-2 1.00 (0.01) 0.52 (0.34) 0.11 (0.09) 32 (16)      Haiku-1 1.00 (0.01) 0.49 (0.28 0.41 (0.09) 14 (6) Haiku-1 1.01 (0.02) 0.64 (0.41) 0.37 (0.08) 18 (8) 
Haiku-2 1.07 (0.01) 2.16 (0.28) 0.41 (0.09) 33 (4) Haiku-2 1.04 (0.01) 1.52 (0.32) 0.37 (0.08) 29 (4) 
Ohanui-1 0.98 (0.01) - 0.35 (0.10) - Ohanui-1 1.03 (0.02) 1.22 (0.58) 0.32 (0.09) 28 (8) 
Ohanui-2 0.93 (0.02) - 0.35 (0.10) - Ohanui-2 1.03 (0.01) 1.16 (0.33) 0.32 (0.09) 27 (6) 
Keanae1-1 1.95 (0.02) 30.6 (0.8) 0.69 (0.10) 68 (2) Keanae1-1 2.08 (0.04) 34.3 (1.2) 0.63 (0.09) 72 (3) 
Keanae1-2 1.75 (0.02) 24.2 (0.7) 0.69 (0.10) 64 (2) Keanae1-2 2.09 (0.03) 34.3 (1.1) 0.63 (0.09) 72 (3) 
      Keanae2-1 2.19 (0.03) 34.7 (0.9) 0.63 (0.09) 72 (2)           Keanae2-2 2.09 (0.02) 34.8 (0.9) 0.63 (0.09) 72 (2) 
2014 Rain          
Waikamoi - - 0.99 (0.10) -      
      
2016 
Springs     
      1a 1.03 (0.01) 1.13 (0.30) 0.90 (0.09) 15 (3) 
      2a 1.01 (0.02) 0.58 (0.3) 0.90 (0.09) 9 (4) 
      2b 1.03 (0.01) 0.94 (0.30) 0.90 (0.09) 13 (3) 
      11a 0.92 (0.01) - 0.90 (0.09) - 
      11b 0.99 (0.01) 0.07 (0.35) 0.90 (0.09) 1 (6) 
      12a 1.17 (0.02) 4.67 (0.51) 0.90 (0.09) 33 (2) 
      12b 1.17 (0.02) 4.78 (0.46) 0.90 (0.09) 33 (2) 
      13 0.99 (0.02) 0.19 (0.45) 0.90 (0.09) 3 (7) 
      14 1.02 (0.02) 0.61 (0.27) 0.90 (0.09) 9 (3) 
      15a 1.47 (0.03) 13.3 (0.7) 0.90 (0.09) 49 (2) 
      15b 1.35 (0.02) 9.87 (0.51) 0.90 (0.09) 44 (2) 
      16a 0.98 (0.01) - 0.90 (0.09) - 
      16b 1.00 (0.01) 0.40 (0.36) 0.90 (0.09) 7 (5) 
      17a 1.02 (0.02) 0.89 (0.43) 0.90 (0.09) 12 (4)           17b 1.00 (0.01) 0.45 (0.32) 0.90 (0.09) 7 (4) 	
 
where [3He]trit is the estimated tritiogenic 3He concentration in TU (tritium unit); Hes is the 
measured He concentration of the sample in cm3 per gram of water at STP (cf., Table 5.1); α is 
the solubility isotopic fractionation (0.983) to account for the slightly higher solubility of 4He 
than that of 3He in water [Benson and Krause, 1980]. The correction term for salinity of the 
water sample following Schlosser et al. [1988] is omitted, because reported helium and tritium 
concentrations are both normalized to zero salinity. In this calculation, it is assumed that all 4He 
is of atmospheric origin and that all excess 3He with respect to an R/Ra value of 0.983 is 
tritiogenic. This assumption will overestimate the ages for samples with significant mantle He 
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contributions. However, as discussed below, we cannot accurately separate the mantle He 
components and such attempts yield negative estimates of 3Hetrit. Therefore, age estimates 
following this assumption are presented in Table 5.3. Age estimates for two samples from the 
Pookela well are close to each other and yield ages of 47 ± 14 years and 32 ± 16 years, while the 
two samples from Haiku wells are distinct, being 14 ± 6 years and 33 ± 4 years. Because the 
R/Ra values of Keanae well 1 are around 1.9, it is likely that mantle He has a significant 
contribution, as discussed in Niu et al. [2017b]; therefore, the age estimates for these two 
samples, ~66 ± 2 years are expected to be overestimates. It is relevant to note that Eq. 5.1 is a 
simplification of Eq. 5.3 below, after Schlosser et al. [1988], by assuming that Hes = Heeq: 
 [ !"! ]!"#! = 4.021 ∗ 10!" ∗ [!"! ∗ ! !! − 1 ∗ !! +  !"!" ∗ !! ∗ (1− !)]      (5.3) 
where Heeq is the He concentration in solubility equilibrium with the atmosphere. 
When it is assumed that there are no terrigenic He sources, Heeq is estimated according to 
[Schlosser et al., 1989]: 
 Heeq = Hes – (Nes – Neeq) * (He/Ne)atm         (5.4) 
where Nes is measured Ne concentration and Neeq is ASW Ne concentration at the collection 
point (cf. Figure 5.2) and (He/Ne)atm is the He to Ne concentration ratio in the atmosphere of 
~0.2882 [Ozima and Podosek, 2002]. Both samples from the Haiku well yield Ne concentrations 
lower than expected ASW Ne values, so no corrections on Heeq are needed or possible for this 
well. Both samples from the Pookela well yield essentially identical age estimates to those 
according to Eq. 5.1 of 47 ± 14 years and 31 ± 16 years. With measured Ne concentrations close 
to ASW values, the correction for an EA component has negligible effect on the estimated ages 
for these samples. For samples with R/Ra values lower than 0.983 (Ohanui well) or significantly 
higher than 1 (Keanae well 1), the assumption of an absence of terrigenic He sources does not 
hold, and tritiogenic 3He is estimated following Schlosser et al. [1989]. However, the two 
samples from Keanae well 1 and one sample from Ohanui well yield negative estimated 
tritiogenic 3He, while the other sample from Ohanui well yields an apparent age of 27 ± 38 years, 
or approximately zero when considering the relatively large error. These negative values may 
result from the estimation of EA component based on Ne excess with respect to assumed ASW 
values. An age of 47 ± 14 years for a sample collected at Pookela well in 2014 indicates that this 
sample started with a tritium concentration of ~1.5 TU (sum of estimated 3Heexc and measured 
3H; Table 5.3) in the year 1967 or any time between 1953 and 1981, considering the time range 
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encompassing the 1σ error. This tritium concentration is far less than the measured values in 
precipitation in Maui in 1969 – 1970, the average value being ~19 TU [International Atomic 
Energy Agency, https://nucleus.iaea.org/wiser/, 2017]. This indicates that the tritium 
concentration in local precipitation does not reflect that found in groundwater at the same time. 
Indeed, of all five samples collected in June 2014 for tritium analysis, the rainwater sample has 
the highest tritium concentration, 0.99 ± 0.10 TU, compared to the values for the basal aquifer 
samples, between 0.11 ± 0.09 TU and 0.69 ± 0.10 TU (Table 5.3). It is likely that the relatively 
high tritium concentration in precipitation is diluted to a lower value when precipitation mixes 
with groundwater. In summary, the apparent ages of basal aquifer samples are about a few 
decades old and these estimates are consistent with the fact that a seasonal noble gas signature is 
less apparent in the basal aquifer. These preliminary conclusions require further in-depth studies 
in the future. 
Apparent water ages for samples collected in 2016 were also estimated based on assumed 
tritium concentrations. For Pookela, Haiku, Ohanui, and Keanae 1 wells, it is assumed that their 
tritium concentrations are the remaining tritium from the decay of the measured tritium 
concentration in 2014 in the corresponding wells. Keanae well 2 (site #10) is assumed to have 
the same tritium concentration as site #9 based on proximity. Apparent ages are calculated based 
on Eq. 5.1, and range between 18 ± 8 years and 42 ± 14 years. The four samples from site #9 and 
#10 yield ages ~72 ± 2 years. All age estimates are similar for the same well in both sampling 
seasons, again, indicating that noble gases in the basal aquifer do not record temporal variations.  
For the 2016 spring samples, tritium concentrations are assumed to be the remaining 
tritium from the decay of the measured tritium concentration in 2014 in rain (Table 5.3), 
following the methods described in Warrier et al. (2012). As discussed above, this likely 
overestimates the tritium concentrations in springs and underestimates the apparent ages of 
spring samples. Tritiogenic 3He is also estimated following Eq. 5.1. Most spring samples yield 
ages ranging between 1 ± 6 years (approximately zero) and 15 ± 3 years, while two samples 
yield negative ages due to R/Ra values below 0.983. Such young ages are likely to allow for the 
observed variations in noble gases and stable isotopes in these samples. However, these 
estimates are meant to provide lower limits of the water residence times.  
Overall, age estimates of the basal aquifer samples for both years are in agreement within 
error. Spring samples yield younger ages than basal samples. However, these ages are expected 
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to represent lower limits. More studies are needed to further constrain the age estimates for 
springs representing perched aquifers with measurements on both tritium and noble gases. 
 
5.5 Conclusions  
 This study is a follow-up of a pilot noble gas study in Maui [Niu et al., 2017b] which uses 
water samples collected in 2014. It further explores the information noble gases and stable 
isotopes of water can provide in rapid rainwater infiltration systems. In particular, it assesses 
whether noble gas signatures record temporal variations and how NGTs can be applied to these 
systems together with stable isotopes to estimate water source and recharge locations.  
Most samples collected in both years display a mass-dependent depletion pattern, with 
concentrations of the heavier noble gases (Ar, Kr, and Xe) being less enriched or more severely 
depleted than those of the lighter noble gases (He and Ne) with respect to ASW values. Overall, 
basal aquifer samples display similar noble gas concentration patterns in both years, while 
rainwater and spring samples display distinct signatures in both sampling seasons. Some 
rainwater samples in 2016 yield He depletion with respect to ASW and, to our knowledge, this is 
the first time that He depletion is observed in rainwater. Three rainwater samples from 2016 
display stable isotope data consistent with orographic rain and noble gas concentrations 
inconsistent with an ice-like signature, which would suggest rain originating at altitudes higher 
than orographic rain. Springs display greater variations in noble gas concentrations between the 
two sampling seasons than the basal aquifer. Leeward springs yield higher noble gas 
concentrations in 2016, while most windward springs yield lower noble gas concentrations in 
2016 than in 2014. This likely indicates that different water sources, i.e., synoptic-scale and 
orographic rain, are affected by changes in weather conditions in different manners. Wells and 
springs where elevated R/Ra values were registered in 2014 yield similar R/Ra values in 2016, 
and the estimated R/Ra values for the terrigenic He component from both years, ~8 – 10, are 
close to that of MORB type mantle He source. 
The water stable isotope samples display deuterium excess ranging between 13‰ and 
29‰. Overall, the 2016 samples have greater deuterium excess than the 2014 samples, consistent 
with the drier El Niño climate of 2016 [Clark & Fritz, 1997; Huang et al., 2016]. Three rainwater 
samples in 2016 display significantly higher deuterium excess (~28‰) compared to all others. 
Rainwater samples from both years are isotopically the heaviest, representative of the heavy end-
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member of the groundwater sources. Overall, basal aquifer samples yield lower δ18O and higher 
δD values in 2016 than in 2014, while spring samples do not display a specific trend. 
Estimated source altitude based on Ne concentrations range between 0.8 and 2.9 km for 
rainwater samples, all higher than each sample’s collection altitude. However, two rainwater 
samples yield altitude estimates ~2.9 km, where orographic clouds are typically absent 
[Giambelluca and Nullet, 1991]. These altitude estimates may result from mixing of water 
sources from different altitudes. Overall, estimated source altitude for rainwater samples 
correlates well with the collection altitude. Most samples from the basal aquifer and springs 
display Ne altitudes higher than their collection altitudes, but some yield Ne altitudes lower than 
their collection altitudes, likely because the presence of EA biases their estimated altitudes low. 
Estimated source altitudes based on measured δ18O and possible δ18O gradients for most 
groundwater samples range between 1.5 and 5.5 km asl. Overall, basal aquifer samples have 
higher source altitudes than about half of the spring samples, consistent with previous findings 
that the basal aquifer is predominantly recharged by synoptic-scale rain originating from higher 
altitudes than localized precipitation forming within the island. In summary, a combined dataset 
of noble gas concentrations and water stable isotopic compositions appears to have the potential 
to identify water sources and estimated water source altitudes. Additional studies are required to 
further test the assumptions in these altitude proxies. 
 Water samples were collected in 2014 for tritium analyses from the basal aquifer in 
addition to a rain event. Tritium/3He ages of the basal aquifer samples range between 14 ± 6 
years and 47 ± 14 years. These relatively long water residence times are consistent with the 
finding that a temporal noble gas signature is less apparent in the basal aquifer. Spring samples 
show younger ages ranging approximately from zero to 15 ± 3 years. Such young ages are likely 
to allow for the observed temporal variations in noble gases and stable isotopes in these samples. 
These preliminary conclusions require further in-depth studies in the future. 
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CHAPTER VI 
Conclusions 
 
This final chapter provides a summary of the major results of each chapter and a brief 
concluding remarks of the overall work presented.  
 
6.1 Summary of Major results 
Chapter 2: This chapter presents the first comprehensive stable noble gas study in glacial 
meltwater. It utilizes stable noble gases in meltwater from the Greenland Ice Sheet (GrIS) to 
explore the information noble gases can provide in glacial environments. Most GrIS glacial 
meltwater samples are in disequilibrium with surface conditions. A partially equilibrated air-
saturated water (ASW) component dominates over any possible excess air (EA) component 
including one originating from the trapped air in glacial ice for Ne, Ar, Kr, and Xe. Overall, one 
group of samples displays a mass-dependent depletion pattern with stronger depletion of the 
heavier noble gases compared to the lighter ones. The second group displays a relative Ne 
depletion with respect to Ar, Kr, and Xe. Much of the GrIS glacial meltwater originates at 
altitudes between 1 and 2 km above sea level (asl), as indicated by their Ne and Xe 
concentrations. Two samples suggest an origin as melted ice with complete lack of equilibration 
with surface conditions. A helium component analysis suggests that this glacial meltwater was 
isolated from the atmosphere prior to the 1950s, with most samples yielding residence times 
between 110 and 420 years, and two samples yielding ~1900 years and 3600 years. Most 
samples represent a mixture between a predominantly atmospheric component originating as 
precipitation and basal meltwater or groundwater, which has accumulated crustal 4He over time.  
Chapter 3: This study represents the first comprehensive noble gas study in meltwater of 
an alpine glacier, which is from the Athabasca Glacier meltwater (AGMW), Columbia Icefield, 
Canada. Both the mass-dependent depletion pattern and relative Ne depletion with respect to Ar
110 
Kr, and Xe are observed, previously seen in the GrIS meltwater [cf., Chapter 2]. Different gases 
have different degrees of equilibration and samples are far from equilibration with the 
atmosphere at any temperature compatible with the glacial environment. Xe concentrations alone 
suggest that all samples equilibrated with the atmosphere at altitudes between 2500 m and 3400 
m asl, compatible with the altitude range (1900 – 3500 m) of the Columbia Icefield. Most 
samples display Xe equilibration altitudes above the maximum altitude of the AG (~2700 m), 
suggesting that a significant portion of the current AGMW originates in the Columbia Icefield. 
All samples are largely dominated by surface melt as opposed to basal melt, similar to the 
finding at GrIS [Chapter 2]. Basal melt and/or groundwater represent at most 4% – 29% of the 
total glacial meltwater. With the exclusion of one present day sample, the bulk of the AGMW is 
likely a mixture between pre-bomb and present time GMW with a most likely average residence 
time of ~160 years.  
Chapter 4: This study represents the first comprehensive stable noble gas study in the 
Island of Maui, Hawaii, to explore the potential for noble gases in characterizing fractured 
hydrologic systems in volcanic islands. Noble gases in Maui rainwater and the basal aquifer 
display an ice-like signature and are not representative of the mean annual air temperature. The 
distinct noble gas patterns for the basal aquifer and springs suggest that basal and perched 
aquifers are separate entities, reinforcing the findings from previous studies in Maui. Noble gases 
of all samples fall on a mixing trend between an ice-like and an ASW end-member with the 
possible addition of a mantle He source in the groundwater samples. A mantle He component 
was observed in springs and well sites on both the windward and the leeward sides of the Island 
and this He component appears to be an almost pristine Mid-Ocean Ridge Basalt (MORB) 
source. 
Chapter 5: This study is a follow up of the pilot noble gas study conducted in Maui and 
further explores the information noble gases and stable isotopes of water can provide in rapid 
rainwater infiltration systems in terms of temporal variations and water source altitudes. It is 
complemented by estimating water residence times for the basal aquifer and springs using tritium 
measurements and excess 3He estimates. Overall, basal aquifer samples display similar noble gas 
concentration patterns in both years, while rainwater and spring samples display distinct 
signatures in both sampling seasons. Springs display greater variations in noble gas 
concentrations between the two sampling seasons than the basal aquifer. Basal aquifer samples 
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yield lower δ18O and higher δD values in 2016 than in 2014, while spring samples do not display 
a specific trend. The estimated source altitudes of rainwater samples from Ne concentration and 
δ18O range from 0.1 to 3 km. A combined dataset of noble gas and water stable isotopes appears 
to have the potential to identify water source and altitude. Tritium/3He ages of basal aquifer 
samples range from 14 ± 6 years to 47 ± 14 years, while spring samples yield ages ranging from 
zero to 15 ± 3 years. Older ages of the basal aquifer are consistent with lower sensitivity to 
seasonal variations in this aquifer compared to perched aquifers. Perched aquifers’ young ages 
likely allow for the observed variations in noble gases and stable isotopes in spring samples 
between 2014 and 2016. 
 
6.2 Overall Conclusions 
 This dissertation focuses on applications of stable noble gases in hydrogeology in 
fractured flow systems with rapid infiltration. It explores the information that noble gases can 
provide in glacial environments in terms of glacial hydrology near the terminus area, water 
source altitude, and groundwater residence times, as well as in basaltic fractured systems in 
terms of aquifer connectivity, precipitation types, and water source altitudes. This dissertation 
investigated thirteen glacial meltwater samples from five outlet glaciers of the Greenland Ice 
Sheet, 8 glacial meltwater samples from Athabasca Glacier of Columbia Icefield in the Canadian 
Rocky Mountains, fifty-nine water samples from eleven springs, six wells tapping the basal 
aquifer, and eight rain events in the Island of Maui, Hawaii, over the course of two sampling 
campaigns. Stable noble gases in glacial meltwater prove to be a useful tool in investigating the 
glacial hydrology and glacier dynamics. The study of dissolved noble gases in rainwater and 
groundwater, combined with the water stable isotopic composition, provided a better 
understanding of the local hydrogeology and developed new applications of noble gases in 
fractured groundwater flow systems. This dissertation has important societal relevance in both 
glacial environment and tropical islands and can contribute to better understanding of the 
hydrology in both types of regions, as well as dynamics of glacial meltwater in response to 
climate change and improved water management plans in tropical islands. This dissertation has 
important scientific implications in glaciology, hydrogeology, and meteorology. 
 
6.3 Future Research Questions 
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 I propose the following questions and potential focuses for future research in both the 
glacial environments and fractured systems with rapid infiltration. 
1. Is it possible to estimate the rate of basal melting and/or surface melting based on 
current understanding of the glacier dynamics and interactions between glacier and 
bedrock, e.g., rate of internal deformation (creep), rate of basal sliding and 
topography of bedrock, rate of soft bed subglacial deformation, geothermal flux, etc.? 
How would these compare to the finding in the noble gas studies presented in this 
thesis?  
2. The studies in Maui presented in this thesis assumed a binary mixing model between 
ice-like and ASW end-members, which was over-simplified, as acknowledged in 
Chapter 4. The true equilibration process is likely to be a complex function of 
multiple factors, including temperature dependent diffusion coefficients in air and 
water for each noble gas. A model of this equilibration process of noble gases starting 
from the ice-like end-member may help us get a better understanding of 
disequilibrium of noble gases between air and both the rainwater and groundwater 
samples. 
3. Karstic systems, like basaltic islands, also have preferential flow paths. What 
information can noble gases provide in these systems with respect to water sources 
and seasonal or annual records? Given that the carbonate rocks readily react with the 
water in karstic systems, what information can water stable isotopes provide? Do the 
water-rock interactions play a major role in dictating the water compositions? Or do 
water source types and/or source altitudes have large influence on water 
compositions, given the relatively short water transit time due to the preferential flow 
paths? 
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APPENDICES 
 
 Additional text, tables, and figures that support the main results presented in Chapters 2, 
4, and 5 are provided in Appendices A, B, and C, respectively. 
 Appendix A includes supplementary text A1 (Separation of He components) and A2 
(Calculation of 4He production rates and residence times). 
 Appendix B includes supplementary text B1 (He component separation) and three figures 
(Figures B1 – B3).  
 Appendix C includes supplementary text C1(He component separation) and one figure 
(Figure C1). 
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APPENDIX A 
Supplementary materials for Chapter 2 
 
A1. Separation of He components.  
This analysis is typically done by plotting Rnoea/Ra versus 4Heeq/4Henoea [e.g., Castro, 
2004], where Rnoea and 4Henoea are the 3He/4He ratios and total measured 4He concentration at 
collection conditions after removal of EA, and 4Heeq is the ASW 4He concentration under 
collection conditions (Figure 2.7). The EA components are estimated using Ne, Ar, Kr, and Xe 
concentrations in the NGT model described in Ballentine and Hall [1999] for the four samples 
with Ne excess and assumed to be 0 for the nine samples with Ne depletion. More details and 
applications can also be found in Saar et al. [2005]. R/Ra crustal and mantle end-members are 
assumed to be 0.02 [O'Nions and Oxburgh, 1983] and 8 [Farley and Neroda, 1998], respectively 
(Figure 2.7). Lines with varying contributions of crustal and mantle He as well as tritiogenic 3He 
are represented. In this graphic, a sample displaying a value of 1 in the horizontal axis points to a 
component of atmospheric origin in its entirety, while a value approaching 0 points to a solely 
crustal origin. Increasing values on the left vertical axis denote increasing mantle contributions, 
while increasing values on the right vertical axis reflect increasing tritiogenic 3He amounts (in 
tritium units, TU). Samples plotting along a particular line represent varying contributions of 
these components. 
 
A2. Calculation of 4He production rates and residence times. 
4He production rates in basement rocks are calculated as follows [Ballentine et al., 1991]:  
P (4He)rock = 1.207×10-13 [U] + 2.867×10-14 [Th] cm3 STP grock-1 yr-1 
where [U] and [Th] represent the U and Th concentrations in average granodiorite and granite 
formations [Parker, 1967] which are among the most common rocks in our study area 
[Baadsgaard, 1973; Friend and Nutman, 2005; Dawes, 2009; Klint et al., 2013]. U and Th 
concentrations, which are higher in felsic granites and granodiorites ([U] = 3.5ppm; [Th] = 
 115 
18ppm) are used to estimate minimum water ages and those in high calcium granites, with lower 
U and Th concentrations ([U] = 3ppm; [Th] = 17ppm), are used to estimate maximum water ages. 
4He accumulation rates in water, P (4He)H2O, were subsequently estimated according to: 
P (4He)H2O = P (4He)rock * ρr * Λ * (1-ω)/ω cm3 STP cmH2O-3 yr-1 
where ρr is the mass density of the rock, assumed to be 2.7g/cm3; ω is the porosity of the 
basement rock, assumed to be 2.5%, the average value of unweathered, dense crystalline rocks  
[Domenico and Schwartz, 2008]. Λ, which is the transfer efficiency of 4He from the rock to the 
water is assumed to be 1 [Torgersen et al., 1989]. 
Using 4He production rates, residence times can be estimated based on 4Heexc. It is 
plausible to assume that both groundwater and surface water have comparable ASW values. This 
assumption should be applicable in the terminus area of glaciers where temperature and altitude 
at the surface are not very different from those on the bottom. The build up of radiogenic 4He in 
the groundwater component is used to differentiate groundwater from surface water and to 
calculate the respective fractions. The calculated residence times will correspond to the mixing 
water as a whole, i.e., surface and groundwater/basal water.  
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APPENDIX B 
Supplementary materials for Chapter 4 
 
B1. He component separation. 
The separation and quantification of different He components, i.e., atmospheric, crustal 
and/or mantle, under certain assumptions, allows for the characterizations of the crustal and 
mantle He sources. This analysis is typically done by plotting Rnoea/Ra versus 4Heeq/4Henoea [e.g., 
Weise and Moser, 1987; Stute et al., 1992; Castro, 2004]. We specify  
  Henoea = Hes - Heea,        (B1) 
 Heexc = Hes - Heeq - Heea,       (B2) 
where Hes are measured total He concentrations, Heeq  and Heea are the ASW and EA 
components, respectively, estimated using the unfractionated air (UA) model following 
Ballentine and Hall [1999]. Henoea are the He components excluding excess air. Concentrations 
of 3He are given by 3Hes = 4Hes * R, 3Heeq = 4Heeq * Req, and 3Heea = 4Heea * Ra, where Req = 
(1.360 ± 0.006) * 10-6 [Benson and Krause, 1980] and R are the 3He/4He ratios for ASW and 
total measured He, respectively. In addition, we specify [Castro, 2004]: 
  Rnoea = 
!"!"#$!!"!"#$!          (B3) 
and 
  Rexc = 
!"!"#!!"!"#! .         (B4) 
The ASW and EA components are simultaneously estimated based on Ne, Ar, Kr and Xe 
concentrations following Ballentine and Hall [1999], assuming equilibration altitudes to be 
collection altitudes. Although the ASW He component changes with altitude, the sum of Heeq 
and Heea is very insensitive to input altitude. The sum varies by less than 0.5% with input 
altitude between the collection altitude and the summit (3055 m). Additional details and 
applications of EA estimation and He component separation can be found in Saar et al. [2005] 
and Niu et al. [2015; 2017a]. 
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One caveat of this approach is that when the sample retains some of the noble gas 
signatures of ice, this model will underestimate Heeq and therefore the sum of Heeq and Heea. 
Specifically, if Ar, Kr and Xe concentrations of a sample are far from equilibrium with the 
atmosphere, i.e., far from being ASW, it is likely that the starting point for the water sample was 
ice or, at least, an ice-like end-member of undetermined origin. As ice has more He with respect 
to Ar, Kr and Xe than ASW does, the Heeq component estimated in an ASW model is lower than 
that present in the ice structure, and the Heea component is overestimated. This particularly 
affects spring sample 16, which has the lowest normalized Ar, Kr and Xe concentrations. The 
estimated sum of Heeq and Heea is about 90% of the total measured He concentration. However, 
it is expected that at least part of the 10% difference results from the bias of the NGT model 
when applied to a sample with an ice or ice-like signature.  
The Rexc/Ra estimates (see Table 4.1) are under the assumption that all of the water from 
springs and basal aquifer are very recent, so they contain no tritiogenic 3He; this is discussed in 
detail below and in Figure B1. Most samples, i.e., basal aquifer samples 1a, 1b, 3a, 3b, 4a, 4b, 9a, 
spring samples 8, 12a, 12b, and rainwater samples 11a, 11b, 13a, 15b, yield Rexc/Ra values 
approximately equal to 1 within 1σ error while sample 13b has an Rexc/Ra value of 0.03 ± 0.52, 
still within a 2σ error of a value of 1. The relatively large errors are a result of the minimal He 
excesses. With these relatively large errors, the He excesses in these samples are considered to 
be of atmospheric origin. Samples 9b, 2, 7, 14, and 15a yield negative Rexc/Ra estimates 
reflecting the absence of terrigenic He. Unlike samples 10a, b, which display an almost pure 
MORB-type mantle He component with Rexc/Ra ratios of ~6.9 and 8.5, Rexc/Ra ratios for samples 
5, 6, and 16 are ill-constrained due to significant errors associated with estimation of these values. 
Sample 16 has an Rexc/Ra value of 4.20 ± 0.86. It possible that mixing between a mantle and a 
crustal component accounts for this lower Rexc/Ra value. If we neglect the possible bias of the 
NGT model, then a pure mantle component with no crustal He source cannot explain such a low 
Rexc/Ra value in sample 16. Alternatively and more likely, the underestimated atmospheric He 
concentrations (NGT model bias) lead to low Rexc/Ra estimates. 
Figure B1a shows a plot of Rnoea/Ra versus 4Heeq/4Henoea for all Maui samples. Colored 
solid lines indicate the expected position for samples with tritiogenic 3He levels varying from 0 
to 13 TU and 0% mantle contribution while red dashed and/or dotted lines indicate mantle 
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contributions ranging from 20% to 100% and tritiogenic 3He level of 0 TU. The lines are 
calculated based on  
Rnoea/Ra = 
 !"!"!!" ! !"!"#!!"# ! ! !"!"#! !  ! !"!"#$!!  !      (B5) 
and rearranged to 
  Rnoea/Ra = (kx + Rexc) / Ra       (B6) 
where, k = Req – Rexc + 3Hetrit / 4Heeq,        (B7) 
x = 4Heeq / 4Henoea,        (B8) 
and 
  Rexc = fmRm + (1- fm)Rc.       (B9) 
The term fm, indicated near the red lines, corresponds to the fraction of the mantle contribution 
and (1-fm) is the crustal fraction of the terrigenic end-member. Rc is the crustal end-member of 
3He/4He ratio and is assumed to be 0.02 [O'Nions and Oxburgh, 1983], and Rm is the mantle end-
member of 3He/4He ratio. Mantle R/Ra (Rm/Ra) values in Mid Ocean Ridge Basalts (MORB) and 
Ocean Island Basalts (OIB) are ~ 8 and 50, respectively [Graham, 2002; Starkey et al., 2009]. 
Different Rm/Ra values were assigned in order to find the appropriate value that makes the red 
dotted line plot in the vicinity of samples 10a and 10b. The x coordinate indicates the He fraction 
contributed by ASW. The fraction of terrigenic end-member is (1-x). In this graphic, a sample 
displaying a value of 1 on the horizontal axis points to a component of purely atmospheric origin, 
while a value approaching 0 points to a solely terrigenic origin. Increasing values on the left 
vertical axis denote increasing mantle contributions, while increasing values on the right vertical 
axis reflect increasing tritiogenic 3He levels (in TU; 1 TU is equivalent to 2.5 * 10-15 cm3 of 3He 
per gram of water). Samples plotting along a particular mixing line represent varying 
contributions of these components. 
Most samples plot near the right-axis and are thus dominated by an atmospheric 
component. Samples 5a, 5b, 10a, and 10b exhibit significant mantle He components. In fractured 
systems like Maui, infiltration is very rapid. Therefore, the accumulation of radiogenic 4He 
produced in the basaltic bedrock is likely minimal. Consequently, if a sample with a significant 
terrigenic He source plots on a line representing a mixture of atmospheric and a pure mantle 
source with no crustal He, the 3He/4He ratio in the mantle end-member can be estimated from the 
slope of the line. From Figure B1a, it is apparent that when Rm/Ra is assumed to be 8.5, sample 
10b plots very close the line representing a pure mantle component corresponding to a MORB 
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source (R/Ra = 7 – 9) [Farley and Neroda, 1998]. Assuming a crustal component is negligible, 
8.5 represents the mantle end-member in this area. According to Kurz et al. [1987], R/Ra values 
of the Hanā Basalt are indeed about 8, indistinguishable from that of MORB. Within error, 
sample 5b lies on the line representing a pure mantle component with an R/Ra value of 8.5, 
similar to that of sample 10b. These values fall in the range of 3He/4He ratios (R/Ra = 6 – 36) 
found in Hawaii by earlier studies compiled in Farley and Neroda [1998], although we did not 
observe values higher than those corresponding to a MORB source in our Maui samples. Figure 
B1b is a zoom-in view of the samples dominated by ASW. A solid orange line representing 2 TU 
of 3Hetrit is also shown. All rainwater samples are compatible with 3Hetrit levels between 0 and 2 
TU. Given these levels, it is expected that rainwater has negligible tritiogenic 3He. A value of 2 
TU is likely overestimated given the errors associated with these estimations. Because rainwater 
shows almost complete absence of tritiogenic 3He, it is unlikely that spring samples 6a, 6b, and 
16, with Rnoea/Ra values of 1.32 ± 0.04, 1.40 ± 0.05, and 1.31 ± 0.03, respectively, would display 
apparently higher tritiogenic 3He levels, between 10 TU and 12 TU (Figure B1b). These slightly 
higher than atmospheric Rnoea/Ra values are more likely to result from a mixture between a minor 
crustal component and mantle sources, accounting for 4%, 3%, and 10% of the He 
concentrations without the EA component for samples 6a, 6b, and 16 respectively. 
The above discussions are based on the assumption that heavy noble gases, especially Xe, 
are in equilibrium with the atmosphere at a certain altitude and temperature. However, this is not 
the case for the Maui samples. And as discussed above, the caveat of the NGT model is that the 
EA component is overestimated. Therefore, it is necessary to provide constraints on the He 
components by underestimating the EA component. A plot of He/Ar versus Ne/Ar is consistent 
with no EA being present in most samples (Figure B2). Almost all of the samples plot above the 
line representing ASW values between 20°C and 35°C, while the EA arrows originating from 
points presenting ASW values are below the ASW line. However, one caveat of this plot is that 
the EA in any sample may be masked by the addition of mantle He, which moves a sample 
vertically up. Therefore, it is possible to assume no EA when attempting to separate the He 
components and this is an absolute lower bound on actual EA values. Assuming no EA, 
4Heeq/4Henoea on the horizontal axis in Fig. 1 reduces to 4Heeq / 4Hes, and Rnoea/Ra on the vertical 
axis reduces to measured R/Ra values for the samples. Results in Figure B3 suggest that sample 
10b falls on the line assuming binary mixing of ASW and a mantle He end-member with R/Ra = 
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8. This estimate of mantle R/Ra under the assumption that there is no EA in samples is close to 
that under the assumptions which overestimate the amount of EA. This suggests that the mantle 
He that mixes with selected springs and groundwater wells has an R/Ra of about 8 to 8.5. 
 Based on the considerations above, a mantle He component corresponding to 17%, 14%, 
3%, 3%, 48%, 44%, and 10% for samples 5a, b, 6a, 6b, 10a, b, and 16, respectively, was 
removed from the total He concentrations in Figure 4.2b, following the results estimated in the 
UA model following Ballentine and Hall [1999]. 
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Figure B1. Rnoea/Ra versus 4Heeq/4Henoea for (a) all Maui samples; (b) zoomed-in view of the 
bottom right corner (blue box) of panel (a). R/Ra values for the crust and the mantle are assumed 
to be 0.02 and 8.5, respectively. Lines corresponding to 0%, 20%, 50%, and 100% mantle helium 
and 0 TU, 2 TU, 5 TU, 10 TU, and 13 TU tritiogenic 3He are shown. The Heeq and Heea 
components are estimated in an NGT model following Ballentine and Hall [1999]. 
 
0
1
2
3
4
5
R n
oe
a/R
a
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
X = 4Heeq/ 4Henoea
Helium Component Separation
10a
10b
5a
5b
Basal Aquifer
Spring
Rain
a
fm = 0%
fm = 20%
fm = 50%
fm = 100%
CRUST
MANTLE
0TU
5TU
10TU
13TU
3Hetrit
ASWAddition of Crustal 4He
(eq = ASW@ NGT and collection altitude)
(Rm/Ra=8.5)
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
R n
oe
a/R
a
0.86 0.88 0.9 0.92 0.94 0.96 0.98 1
X = 4Heeq/ 4Henoea
Helium Component Separation
2
6a
6b
8
12a
12b
14
16
11a
11b 13a
13b
15a
15b
1a
1b
3a
3b
4a 4b
9a
9b
7
Basal Aquifer
Spring
Rain
b
fm = 0%
fm = 20%
fm = 50%
fm = 100%
CRUST
MANTLE
0TU
2TU
5TU
10TU
13TU
3Hetrit
ASWAddition of Crustal 4He
(eq = ASW@ NGT and collection altitude)
(Rm/Ra=8.5)
 122 
 
Figure B2. Comparison of measured He/Ar versus Ne/Ar for all Maui samples with theoretical 
ASW values between 20°C and 35°C. EA addition moves samples in the direction indicated by 
arrows originating from expected ASW values. 
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Figure B3. R/Ra versus 4Heeq/4Hes for all Maui samples. R/Ra values for the crust and the mantle 
are assumed to be 0.02 and 8, respectively. The Heeq component is estimated based on collection 
altitude and water temperature, and EA is assumed to be 0. 
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APPENDIX C 
Supplementary materials for Chapter 5 
 
C1. He component separation  
The separation and quantification of different He components, i.e., atmospheric, crustal 
and/or mantle, under certain assumptions, allows for the characterizations of the crustal and 
mantle He sources. This analysis is typically done by plotting Rnoea/Ra versus 4Heeq/4Henoea [e.g., 
Weise and Moser, 1987; Stute et al., 1992; Castro, 2004]. We specify  
  Henoea = Hes - Heea,        (C1) 
 Heexc = Hes - Heeq - Heea,       (C2) 
where Hes is measured total He concentration, Heeq  and Heea are the ASW and EA components, 
respectively, Henoea is the He concentration excluding EA component and Heexc is the measured 
He concentration without both the ASW and EA He components. Heea is estimated following Eq. 
C3 [Kipfer et al., 2002]: 
  Heea = (He/Ne)atm * (Nes – Neeq),      (C3) 
where Nes is measured total Ne concentration and Neeq is the ASW component at collection 
altitude and water temperature. (He/Ne)atm is the ratio of He and Ne in the atmosphere and is 
equal to 0.2882 ± 0.0028 [Ozima and Pososek, 2002]. Samples with Ne concentrations lower 
than the ASW values at collection points are assumed to have no EA components. 
Concentrations of 3He are given by 3Hes = 4Hes * R, 3Heeq = 4Heeq * Req, and 3Heea = 4Heea * Ra, 
where Req = (1.360 ± 0.006) * 10-6 [Benson and Krause, 1980] and R are the 3He/4He ratios for 
ASW and total measured He, respectively. In addition, we specify [Castro, 2004]: 
  Rnoea = 
!"!"#$!!"!"#$!          (C4) 
and 
  Rexc = 
!"!"#!!"!"#! .         (C5)
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where Rnoea  and Rexc are the 3He/4He ratio without the EA component and that without both the 
ASW and EA components, respectively. Additional details and applications of EA estimation 
and He component separation can be found in Saar et al. [2005] and Niu et al. [2015; 2017a; 
2017b].  
The Rexc/Ra estimates (Table 5.1) are under the assumption that all of the water from 
springs and basal aquifer are very recent, so they contain no tritiogenic 3He. Most samples, i.e., 
those from basal aquifer sampling sites 5, 6, 7, 8, spring sites 1, 2, 11, 13, 14, 16, 17, and all 
rainwater samples, yield either negative Rexc/Ra ratios or values approximately equal to 1 within 
1σ error, as a result of the negative estimated He excesses or the minimal He excesses. With the 
relatively large errors on Rexc/Ra or negative estimates, the He excesses in these samples are 
considered to be of atmospheric origin.  
Samples 9a, 9b, 10a, and 10b, from the two adjacent wells in Keanae, display Rexc/Ra 
ratios between 7.3 ± 0.7 and 10.1 ± 1.2, nearly identical to that of pure MORB-type mantle He 
(R/Ra = 7 – 9) [Farley and Neroda, 1998], and close to the Rexc/Ra estimates of the water samples 
collected in 2014 (6.4 ± 0.6 and 5.8 ± 0.6) from one of these two wells [Niu et al., 2017b]. It is 
relevant to note that the ASW and EA He components, and thus Rexc/Ra ratios, were estimated 
following Ballentine and Hall [1999] in our first study, and Rexc/Ra estimates obtained in Niu et 
al. [2017b] were 6.8 ± 1.0 and 6.6 ± 3.2 for these two samples, respectively, near identical to the 
estimates obtained here by estimating the EA He component based on Ne excess following 
Kipfer et al. [2002]. Sample 15a and 15b have Rexc/Ra values of 7.2 ± 1.4 and 5.5 ± 1.1, close to 
the Rexc/Ra ratio of the sample collected in 2014 (4.2 ± 0.9). As discussed in Niu et al. [2017b], 
the ratio of 4.2 ± 0.9 may have been underestimated by the model in Ballentine and Hall [1999] 
because of the exceptionally low Ar, Kr, and Xe concentrations of the sample. Samples 12a and 
12b, from Ohio spring, yield measured R/Ra (1.17 ± 0.02 for both samples) and estimated Rexc/Ra 
(17 ± 23 and 6.2 ± 2.8) similar to those collected in 2014, with R/Ra values being1.29 ± 0.02 and 
1.35 ± 0.01 and Rexc/Ra being 7.0 ± 2.2 and 14 ± 8, respectively, following Kipfer et al. [2002]. 
The Rexc/Ra estimates, following Ballentine and Hall [1999], reported in Niu et al. [2017b], are 
very close to these, being 9.9 ± 6.3 and 14 ± 12, respectively. The big errors are a result of the 
small amount of terrigenic He compared to the atmospheric He sources. 
Figure C1 shows a plot of Rnoea/Ra versus 4Heeq/4Henoea for all spring and basal samples 
from both sampling seasons. Colored solid lines indicate the expected position for samples with 
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tritiogenic 3He levels varying from 0 to 20 TU and 0% mantle contribution while red dashed 
and/or dotted lines indicate mantle contributions ranging from 20% to 100% and tritiogenic 3He 
level of 0 TU. The lines are calculated based on  
Rnoea/Ra = 
 !"!"!!" ! !"!"#!!"# ! ! !"!"#! !  ! !"!"#$!!  !      (C6) 
and rearranged to 
  Rnoea/Ra = (kx + Rexc) / Ra       (C7) 
where,   
k = Req – Rexc + 3Hetrit / 4Heeq,      (C8) 
x = 4Heeq / 4Henoea,        (C9) 
and 
  Rexc = fmRm + (1- fm)Rc.       (C10) 
The term fm, indicated near the red lines, corresponds to the fraction of the mantle contribution 
and (1-fm) is the crustal fraction of the terrigenic end-member. Rc is the crustal end-member of 
3He/4He ratio and is assumed to be 0.02 [O'Nions and Oxburgh, 1983], and Rm is the mantle end-
member of 3He/4He ratio. Mantle R/Ra (Rm/Ra) values in Mid Ocean Ridge Basalts (MORB) and 
Ocean Island Basalts (OIB) are ~ 8 and 50, respectively [Graham, 2002; Starkey et al., 2009]. 
Different Rm/Ra values were assigned in order to find the appropriate value that makes the green 
line representing mixing between ASW and pure mantle component to plot in the vicinity of 
sample 10a. The x coordinate indicates the He fraction contributed by ASW. The fraction of 
terrigenic end-member is (1-x). In this graphic, a sample displaying a value of 1 on the horizontal 
axis points to a component of purely atmospheric origin, while a value approaching 0 points to a 
solely terrigenic origin. Increasing values on the left vertical axis denote increasing mantle 
contributions, while increasing values on the right vertical axis reflect increasing tritiogenic 3He 
levels (in TU; 1 TU is equivalent to ~2.5 * 10-15 cm3 of 3He per gram of water). Samples plotting 
along a particular mixing line represent varying contributions of these components. 
Most samples plot near the right-axis and are thus dominated by an atmospheric 
component. Samples 9a, 9b, 10a, and 10b exhibit significant mantle He components, similar to 
the samples collected at the same site in 2014. In fractured systems like Maui, infiltration is very 
rapid. Therefore, the accumulation of radiogenic 4He produced in the basaltic bedrock is likely 
minimal. Consequently, if a sample with a significant terrigenic He source plots on a line 
representing a mixture of atmospheric and a pure mantle source with no crustal He, the 3He/4He 
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ratio in the mantle end-member can be estimated from the slope of the line. From Figure C1, it is 
apparent that when Rm/Ra is assumed to be 10, samples 9a, 9b, 10a, and 10b plot on or close to 
the line, representing a mantle component very close to a MORB source (R/Ra = 7 – 9) [Farley 
and Neroda, 1998]. Assuming that a crustal component is negligible, 10 represents the mantle 
end-member in this area, close to the estimate of 8.5 in the first sampling campaign. According 
to Kurz et al. [1987], R/Ra values of the Hanā Basalt are indeed about 8, indistinguishable from 
that of MORB. 
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Figure C1.   Rnoea/Ra versus 4Heeq/4Henoea for all spring and basal samples from both years; panel 
(b) is zoomed-in view of the bottom right corner (blue box) of panel (a). R/Ra values for the crust 
and the mantle are assumed to be 0.02 and 10, respectively. Lines corresponding to 0%, 20%, 
50%, and 100% mantle helium and 0 TU, 5 TU, 10 TU, and 20 TU tritiogenic 3He are shown. 
Labels with “-2014” are for samples from 2014. The Big spring was only sampled in 2014 but 
not in 2016. Site numbers are those in the 2016 sampling campaign (cf., Table 5.1). 
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